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Chapter 1 
General Introduction 

1.1 THE CREATINE KINASE/PHOSPHOCREATINE SYSTEM 
Introduction 
Controlled use of energy to maintain homeostasis and perform work is a basic 
property of all living cells. This energy is mainly obtained from the oxidation of 
metabolic substrates in glycolysis and oxidative phosphorylation and is delivered 
to processes requiring energy in the form of adenosine triphosphate (ATP). ATP 
serves as an immediate donor rather than as a storage form of energy and is 
hydrolysed to adenosine diphosphate (ADP) and inorganic phosphate (P,) by 
various ATPases. Cells and tissues with high and fluctuating energy demands 
(e.g. photoreceptor cells of the visual system, sperm cells, brain, skeletal and 
cardiac muscle) contain rather low levels of ATP which are able to meet the 
energy requirements during cell activation only briefly. These cells and tissues 
therefore contain additional reservoirs of energy in the form of phosphocreatine 
(PCr), often present at levels several fold higher than those of ATP itself. PCr 
and ATP molecules can exchange high-energy phosphates via the reaction 
catalyzed by creatine kinase (CK) isoenzymes: PCr + ADP + (H + ) <± Cr + ATP. 
The substrates and enzymes involved in the CK reaction together form the so-
called CK/PCr system (Bessman and Geiger, 1982; Wallimann et al., 1992). 
CK Isoenzymes and Genes 
Five different CK isoenzymes are currently known to exist in mammalian cells 
and tissues. Three of them are located in the cytoplasm or subcellular 
compartments and t w o are found specifically in the mitochondria. The cytosohc-
CK isoenzymes, BB-, BM- and MM-CK [molecular masses among various 
vertebrate species are in the range between 80 and 86 kD (Eppenberger et al., 
1967; Wallimann et al., 1992)], are homo- and heterodimeric molecules 
comprised of t w o types of CK protein subunits, the M (for muscle) and the В 
(for brain) subunit. The similarity amongst M or В subunits from different 
species is always greater than between the t w o types of subunits in any given 
species. For example, the amino acid sequence identity among M-CK subunits 
from rabbit, rat and mouse is 9 8 % and the similarity between rabbit, rat and 
human B-CK subunits is about 9 5 % . In contrast, the homology between M and 
В subunits within rabbit, rat or human species is somewhat lower and in the 
order of 7 8 - 8 0 % (Babbitt et al., 1 9 8 6 ; Perryman et al., 1 9 8 6 ; Kaye et al., 1 9 8 7 ; 
Mariman et al., 1 9 8 7 ; Villearreal-Levy et al., 1 987). The t w o cytosolic subunits 
are encoded by individual genes, called the В- and M-CK genes (Putney et al., 
1984; Benfield et al., 1984; Buskin et al., 1985; Daouk et al., 1988). In man, 
they span approximately 3.2 and 17.5 kilobases (kb) (Mariman et al., 1987; 
Trask et al., 1988), and have been assigned to chromosomes 14 and 19, 
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respectively (Povey et al., 1979). The expression of the cytosolic-CK genes is 
tissue-specific and developmental^ controlled resulting in typical tissue- and 
stage-specific isoenzyme patterns BB-CK homodimers are present at high levels 
in brain, photoreceptor cells of the retina, epithelial cells of kidney and intestine, 
osteoclasts, uterus and spermatozoa (Eppenberger et al , 1964; Wallimann et 
al., 1 986a and b, Ikeda, 1 988 ; Wegmann et al., 1991 ). High amounts of BB-CK 
are also found in smooth muscles together wi th some BM- and MM-CK (Iyengar 
et al., 1982) Moderate BB-CK activity is observed in several tumours, adipose 
tissue and white blood cells (Beriet et al , 1976, Shatton et al., 1979) whereas 
levels of BB-CK are minimal in many other tissues. Very high MM-CK activity is 
found in skeletal muscle (Burger et al , 1964, Eppenberger et al., 1967) In 
developing mammalian muscle there is a transition from BB-CK to MM-CK 
expression (Hall and DeLuca, 1 975; Pernard et al., 1 978 and 1 989, Olson et al , 
1 983; Trask et al , 1 988; Lyons et al., 1 991 ). This transitional period may last 
several days and is characterized by expression of BM-CK heterodimers MM-CK 
dinners also predominate in adult heart, but here small amounts of BM-CK and 
traces of BB-CK are co-expressed, even in the adult stage The relative amounts 
of these CK isoforms are known to be variable at different stages of mammalian 
heart development and between species (Eppenberger et al., 1964; Ingwall et 
al , 1 9 8 1 , Hasselbaink et al., 1990, Wessels et al., 1990). Recently, MM-CK 
expression has also been observed in certain areas of the brain (Hamburg et al , 
1990) and in epithelium cell of the inner ear (Spicer and Schulte, 1992). 
The t w o mitochondrial CK isoforms, called ubiquitous and sarcomenc Mi-
CK (Schlerf et al , 1988; Li et al., 1989, Haas and Strauss, 1990), are located 
within the mitochondrial intermembrane space (Jacobus and Lehnnger, 1973, 
see also Wyss et al , 1 992). In vitro, both Mi-CK isoforms appear in two distinct 
interconvertible oligomeric forms (Hall et al , 1979; Kanemitsu et al , 1982), 
dimers and octamers. In mammals, their molecular masses are in the range of 
75-89 kD and 317-377 kD, respectively (Wyss et al., 1992) Both oligomeric 
molecules are known to catalyze the CK reaction in vitro, but evidence has 
accumulated over the past few years that octamers are the only Mi-CK 
molecules wi th catalytic activity in mitochondria of living cells (see Wyss et al., 
1 992) The protein subunits of the two Mi-CK isoenzymes are encoded by two 
independent nuclear genes, the ubiquitous and the sarcomenc Mi-CK genes, 
which have both been cloned from human genomic bacteriophage libraries (Haas 
et al., 1 989 ; Klein et al., 1 991 ). These ubiquitous and sarcomenc Mi-CK genes 
are located on chromosomes 15 and 5 (Stalhngs et al , 1988; Haas et al., 
1 989), span about 5 5 and 37 kb and contain 9 and 11 exons, respectively The 
homology between their exon sequences is around 8 0 % . A similar extent of 
homology exists at the protein level Their homologies with the human B- and 
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M-CK ¡soforms are significantly lower ( - 6 6 % ) (Haas and Strauss, 1990). In 
cells and tissues wi th high energy demands, the activity of the Mi-CK genes 
appears to be coupled to the expression patterns of the cytosohc-CK genes 
(Haas and Strauss, 1 990, Klein et al., 1 991 ; Payne et al , 1 991 ). Typically, the 
sarcomeric Mi-CK gene is co-expressed with the M-CK gene, whereas the 
ubiquitous gene seems to be active wherever the B-CK gene is transcribed. 
However, the relative proportions of Mi-CK isoenzymes may vary considerably 
between different tissues and species. For example, Mi-CK activity is about 1-
2% of the total CK activity in skeletal muscle, 10-35% m heart, 10-15% in 
kidney and 0 .5-15% in brain (Bittl et al., 1987; Wyss et al., 1992). 
Functions of the CK/PCr System 
Over the past few decades two important functions in cellular energy 
metabolism have been assigned to the CK/PCr system (reviewed by Bessman 
and Geiger, 1982; Bessman and Carpenter, 1985, Jacobus et al., 1982, 
Jacobus 1 985a; Walhmann et al., 1 992; Wyss et al , 1 992) First, according to 
the classical and generally accepted view mentioned in many textbooks, the 
CK/PCr system serves to buffer changes in ATP and ADP at periods of high 
cellular activity, or equivalently, to provide an energy store in the form of PCr 
(temporal energy buffering). This idea was based on the observation that 
skeletal muscle work is accompanied by hydrolysis of the PCr pool, whereas 
ATP levels remain essentially constant (Cain and Davies, 1962; reviewed by 
Bessman and Geiger, 1982). Second, according to more recent data, a key role 
in the transport of energy (spatial energy buffering) has been attributed to the 
CK/PCr system (for reviews see Bessman and Geiger, 1982; Jacobus, 1985a; 
Walhmann et al., 1992; Wyss et al , 1992). The concept, which has been 
termed the "PCr-Cr energy shuttle" by Bessman and Geiger (1 982), is based on 
(1) the functional and physical association of CK isoenzymes wi th subcellular 
sites of ATP production and consumption (Jacobs et al., 1964; Bessman, 1972; 
Jacobus and Lehninger, 1973, Schölte et al., 1973; Turner et al., 1973; 
Walhmann et al., 1975 and 1977a and b, Saks et al., 1978; McClellan et al., 
1 983; Iyengar, 1 984 ; Savabi et al., 1 984, Ventura-Clapier et al., 1 987a and b) 
and (2) the view that adenine derivatives are compartmented (Gudbjarnason et 
al., 1970). In this concept, PCr and Cr act as shuttle molecules between 
compartments of energy production and hydrolysis. The PCr molecules may be 
produced via two metabolic pathways. The first is catalyzed by BB-, BM- and 
MM-CK dimers associated with compartments of glycolytic activity (Walhmann 
et al., 1 989 ; Wegmann et al., 1992; ). The second route is catalyzed by Mi-CK 
functionally linked to oxidative phosphorylation (see Wyss et al., 1992). The PCr 
generated is presumed to diffuse from both locations to subcellular sites of 
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ATPase activity, where it serves locally to replenish ATP using cytosolic-CK 
isoenzymes as catalysts. Finally, creatine diffuses back to sites of ATP synthesis 
for its rephosphorylation. In cells wi th high and fluctuating energy demands, PCr 
and Cr seem to be more suitable for shuttle transport of energy than ATP and 
ADP, because of their higher cellular concentration, smaller size and lower 
negative charge (Jacobus, 1985b; Yoshizaki et al., 1990). 
Other functions of the CK/PCr system are direct consequences of the 
buffer and transport activities mentioned above. In this view, proton buffering 
at the onset of high ATPase activity (Edstrom et al., 1 982; Meyer et al., 1 986) 
is recognized as a third function of the system Hydrolysis of ATP generates H + 
molecules besides ADP, but local acidification is prevented by the CK reaction 
in which the protons function to regenerate ATP. Furthermore, transport via PCr 
and Cr molecules serves to optimize the thermodynamic efficiency of ATP 
hydrolysis and synthesis, which is seen as a fourth main function of the CK/PCr 
system (Kammermeier et al., 1 982 and 1987). In the mitochondria, where large 
amounts of ADP are required, the immediate hydrolysis of ATP through the CK 
reaction would serve to maintain high levels of ADP Similarly, low ADP and 
high ATP concentration are maintained at sites of high ATPase activity by rapid 
replenishment of ATP from PCr and ADP High ADP levels would inactivate 
cellular ATPases (Zweier et al , 1991) and cause a loss of adenine nucleotides 
via a number of enzymatic conversions initiated by adenylate kinase (Iyengar, 
1984, Jennings et al , 1985). A fifth potential function of the CK/PCr system 
is that of a reservoir of inorganic phosphate. During a rapid increase in energy 
demand, concentrations of Cr and P, increase as the PCr pool declines 
(Ackerman et al., 1980; Grove et al., 1980, Crow and Kushmerick, 1982). 
These metabolic signals are supposed to stimulate enzymatic reactions that act 
to increase the rate of high-energy phosphate production. In this view, P, build-
up may regulate glycogenolysis or glycolysis, or both, since these two pathways 
are known to require inorganic phosphate for their activation (Davulun et al , 
1981) Glycogen breakdown has indeed been found to be impaired in rat 
skeletal muscles with reduced ability to accumulate P, at the start of muscle 
contraction (Meyer et al., 1986) 
A general model for the involvement of the CK/PCr system in cellular 
energy metabolism summarizing all the functions mentioned above is given in 
Figure 1 Two parallel pathways for diffusive transport of energy between sites 
of ATP production and consumption can be distinguished in this model: ATP and 
ADP act as shuttle molecules in the one pathway and PCr and Cr in the other. 
However, during their transport through the cytosol, ATP and PCr may deliver 
their high-energy phosphates to Cr and ADP, respectively. This energy transfer 
is mediated by the CK reaction catalyzed by CK dimers located in the cytoplasm. 
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Thus, the energy f low may switch from one pathway to the other The extent 
to which these routes intermingle and contribute to the energy supply depends 
on (1) the average distance between the sites of ATP production and ATP 
consumption, (2) the cellular levels of CK, PCr and Cr, (3) the rate of energy 
consumption, (4) the type of energy demand (fluctuating or constant) and (5) 
the accessibility of the CK/PCr system The routes may therefore differ between 
tissues or cell types One extreme situation can occur in tissues completely 
devoid of a CK/PCr system, such as the liver (Koretsky et al , 1990), where 
energy metabolism seems to rely fully on diffusion of ATP and ADP The other 
extreme appears to function in cells where mitochondria are not in close 
apposition to sites of high ATPase activity, such as in photoreceptor cells 
(Wallimann et al , 1986b, Wegmann et al , 1991), spermatozoa (Tombes and 
Shapiro, 1985, Wallimann et a l , 1986a) and large anaerobic muscle cells 
(Meyer et al , 1 984) In these cell types, the PCr and Cr molecules are believed 
to function as an obligatory link between the compartments of energy 
generation and consumption (Wallimann et al , 1992, Wyss et al , 1992) 
1.2 BIOENERGETICS OF SKELETAL AND CARDIAC MUSCLE 
Skeletal Muscle Architecture and Function 
Muscles develop force and allow movement The internal architecture of 
mammalian muscles depends on their specific function in the body Skeletal 
muscles are groups of muscle bundles that join into a tendon at each end. Each 
bundle is build up of mature muscle cells or (myo)fibres (Figure 2), which are 
amongst the largest cells known A group of muscle fibres innervated by a 
single motor neuron forms the functional unit within a muscle The number of 
fibres within each unit may be as few as 10 in very small muscles to several 
thousands in large muscles as the human quadriceps (Jones and Round, 1990). 
Skeletal muscle fibres are multinucleated cylindrical cells that arise by the fusion 
of mononucleated myoblasts Individual fibres are usually between 10 and 100 
//m in diameter and between a few millimetres and several centimetres in length 
(Walton, 1988) Each fibre is surrounded by the sarcolemma, a cell membrane 
wi th narrow invaginations that form the transverse T-tubular system These 
tubules are in close proximity to a network of extremely fine channels called the 
sarcoplasmic reticulum, which is a reservoir of Ca 2 + The sarcolemma becomes 
depolarized fol lowing the arrival of a nerve impulse at the end plate This 
depolarization is transmitted to the interior of the cell by the Τ tubules 
Depolarization of the T-tubule membranes causes a sudden release of Ca 2 + from 
the sarcoplasmic reticulum which stimulates muscle contraction 
Myofibrils are cylindrical structures aligned in the longitudinal orientation 
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of the cell and have an average diameter of around 1 μπ\. They make up about 
8 0 % of the volume of a muscle cell and are composed of a series of 
sarcomeres, the contractile units (about 2.5 μπ\ in length). Sarcomeres, are 
comprised mainly of actin (thick) and myosin (thin) filaments, which are 
arranged in such a way that they can slide past each other. A myosin filament 
(about 1.6 //m long and 1 5 nm in diameter) is composed of polymerised myosin 
monomers (about 300), whereas an actin filament (about 1.0 μπ\ long and 8 nm 
in diameter) consists of polymerised actin monomers and t w o regulatory 
proteins, tropomyosin and troponin (Alberts et al., 1983). Electron microscopy 
reveals several bands in the sarcomere. The I bands are composed of actin 
filaments which are anchored to a Ζ disc at one side and extending freely into 
the A band at the other side. The A band is comprised of myosin filaments. The 
area within the A band beyond the region of overlap between myosin and actin 
filaments is known as the Η zone. Several proteins, among which MM-CK, 
aggregate in the centre of this zone and give rise to the so-called myofibrillar M 
line (Schmalbruch, 1985). 
NUC'MJI O' rnuK'f С4ІІ 
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Figure 2. The Architecture of a Skeletal Muscle Cell. Reprinted from E. P. Solomon and P. W. 
Davies. In: Human Anatomy and Physiology, Saunders College Publishing, Philadelphia, 1983. 
Bioenergetics of Skeletal Muscle Contraction 
Contraction of muscle fibres occurs by shortening of their sarcomeres and is 
accomplished by cross-bridging of myosin heads and actin filaments followed 
by a sliding of actin filaments towards the centre of the myosin filaments Each 
sarcomere contains about 300 myosin filaments and each of these filaments 
itself contains approximately 600 myosin heads Every myosin head consumes 
one molecule of ATP per cross-bridge formation via the reaction catalyzed by 
myosin ATPase H 2 0 + ATP -> ADP + Ρ + H
+
 Skeletal muscles are able to 
balance their ATP supply and demand at highly different states of muscle 
performance, which implies the presence of an efficient control network 
between the ATPase compartments and the energy conversion processes 
Although various models for regulation of the rates of ATP synthesis (with ADP 
and Ρ as cytosolic transducers) have been postulated, its basic mechanisms are 
still poorly understood (Balaban, 1990) Skeletal muscles can produce ATP via 
(1 ) aerobic breakdown of pyruvate and fatty acids in the mitochondria (involving 
the citric acid cycle, the /?-oxidation cycle, and the respiratory chain), (2) 
anaerobic oxidation of carbohydrates to pyruvate by the glycolytic pathway, (3) 
the lactate dehydrogenase reaction (pyruvate -» lactate), (4) the adenylate 
kinase reaction (2 ADP -> ATP + AMP), and (5) the creatine kinase reaction 
(use of the PCr reservoir) (Stryer, 1981) The extent to which the different 
metabolic pathways contribute to the production of ATP depends on the 
functional properties of the muscle fibres involved and on the frequency of 
muscle contraction (Schmalbruch, 1 985, Jones and Round, 1 990) On the basis 
of their contractile properties, fibres can be divided in t w o types slow (or type 
1 ) and fast (or type 2) fibres The contraction and relaxation time of fast fibres 
is more than t w o times shorter than slow fibres (about 40 ms versus 80-100 
ms) (Schmidt Nielsen, 1982) Type 2 fibres can be subdivided in fatigue 
resistant (type 2A) and fast-fatiguing (type 2B) fibres (Jones and Round, 1 990) 
Type 1 fibres have a high capacity of ATP production via the mitochondrial 
compartment (Schmalbruch, 1 985), they make up slow motor units and are well 
capillansed In contrast to type 1 fibres (low glycogen stores), type 2B fibres 
mainly generate energy by glycolysis (high glycogen stores) Mitochondria are 
sparsely distributed within these relatively large muscle cells, providing a very 
poor aerobic energy generating capacity Like type 2B fibres, type 2A fibres also 
have a high glycolytic potential However, their aerobic potential is somewhat 
higher because of a moderate contents of subsarcolemmal and intermyofibrillar 
mitochondria The ratio of maximal twi tch force of type 1 to type 2A to type 2B 
fibres is about 1 to 4 to 1 2 (Burke et al , 1971) Typically, type 1 fibres can 
maintain their initial force for more than 1 hour, type 2A for a few minutes and 
type 2B for only about 20-30 seconds These differences in functional 
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properties of the fibre types are reflected in their PCr and CK levels (Meyer et 
al , 1985, Yamashita and Yoshioka, 1991) The energy buffer function of the 
CK/PCr system is prominent in fast fibres Their PCr pools are large, MM-CK 
levels are high whereas Mi-CK levels are low PCr and MM-CK levels are lower 
in slow fibres, but their Mi-CK levels are distinctly higher, indicating a more 
dominant role for the CK/PCr system in energy transport For example, in type 
I fibres of rat, MM-CK levels are 3 5 % and 6 0 % below the levels in type 2A and 
2B fibres, respectively, whereas their Mi-CK levels are about 8 0 % and 130% 
above the levels of type 2A and 2B fibres, respectively Thus, fibres wi th a high 
aerobic capacity have smaller PCr and MM-CK levels than fibres wi th a large 
anaerobic potential, but their Mi-CK levels are distinctly higher 
MM-CK dimers are localized at several subcellular sites within muscle 
fibres A large part of the cellular MM-CK pool is located in the cytoplasm as 
soluble molecules, where they are presumed to maintain metabolites involved 
in the CK reaction at near equilibrium levels (McGilvery and Murray, 1974, 
Veech et al , 1 979 , Gadian et al , 1 9 8 1 , Matthews et al , 1 982 , Meyer et al , 
1982) Part of the non-cytosolic MM CK dimers are bound to the sarcomeric M 
line Binding is achieved via amino acids in the C-terminal half of the M-CK 
protein subunit (Schäfer and Pernard, 1988) This MM-CK is presumed to act 
in the rapid rephosphorylation of ADP generated by myosin ATPases during 
muscle contraction (Turner et al , 1 973, Wallimann et al , 1 977a and b, 1 978 , 
1 983a and b, and 1 984) ATP generated from PCr via the CK reaction catalyzed 
by M line-associated MM-CK is presumed to be the preferred substrate for 
myosin ATPase In turn, ADP and H+ molecules generated by ATPase activity 
function as favourite substrates for MM CK dimers at the M line (Bessman et al , 
1980, Winegrad et al , 1989) Thus, myosin ATPase and M line-associated 
MM-CK are considered to be functionally linked MM-CK is also found in 
sarcomeric I bands, most notably in fast fibres (Wallimann et a l , 1989, 
Wegmann et al , 1 992), where they are co-localized with the enzymes involved 
in glycolysis These glycolytic enzymes function in complexes loosely associated 
with actin filaments (Arnold and Pette, 1970, Bronstein and Knull, 1 9 8 1 , 
Maughan and Wegner, 1989) ATP molecules generated by glycolysis are 
immediately transphosphorylated by MM-CK to form PCr (see Figure 1) 
(Wallimann et al , 1992), suggesting that there is no shuttle transport of adenine 
molecules between actin-associated glycolytic enzymes and myosm-bound 
ATPases, although the distance is small enough to permit efficient diffusion of 
ATP and ADP This is in keeping with the idea that ATP generated from PCr at 
the M line has preferred assess to myosin ATPases Another MM-CK fraction is 
associated wi th the sarcoplasmatic reticulum to provide maximal energy for the 
resorption of Ca2+ ions via ATP-dependent calcium pumps (Baskin and Deamer, 
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1 970 ; Baba et al., 1 976 ; Sharov et al., 1 977; Rossi et al., 1 990). Ca2+ ions are 
released from the sarcoplasmic reticulum to induce muscle contraction and rapid 
resorption via active transport is required to allow relaxation (Schmalbruch, 
1 985). For the uptake of every two Ca2+ ions, one molecule of ATP is required. 
Finally, some MM-CK is also found at the sarcolemma where it functions in the 
regeneration of ATP for Na+/K+-ATPase pumps (Sharov et al., 1977; Levitsky 
et al., 1 978 ; Saks et al., 1 977; Grosse et al., 1 980). 
Bioenergetics of Cardiac Muscle 
The heart is constructed from of a unique type of striated muscle cells. As in 
skeletal muscle, their functional unit is the sarcomere, but unlike skeletal 
muscle, cardiac muscle is not a syncytium and consists of individual branching 
cells that have one or two nuclei and many parallel myofilaments. The individual 
cells are joined by intercalated disks allowing them to function together as an 
integrated whole (Weis, 1983). Cardiac muscle cells contain many more 
mitochondria than skeletal muscle cells, which reflects their high dependence 
on aerobic metabolism. Their relatively large mitochondria are evenly distributed 
over the cell volume, minimizing the distance of transport of high-energy 
phosphates to the myofilaments. Fatty acids, glucose or lactate are the main 
energy sources of the heart. Under normoxic conditions, 9 0 % of the ATP is 
generated via oxidative phosphorylation and 10% via glycolysis (Kobayashi and 
Neely, 1 979). Cardiac muscles contain about 1 5 mM PCr, which is comparable 
to type 1 fibres of skeletal muscle that contain about 16 mM PCr (Brawand et 
al., 1 980 ; Kushmerick et al., 1 992). Their total CK activity is about 4-fold lower 
than in skeletal muscles. In rat, the profile of CK activity is 2 5 % Mi-CK 
(sarcomeric), 1 % BB-CK, 14% BM-CK and 6 0 % MM-CK (Bittl et al., 1987). The 
subcellular compartmentation of these isoforms is similar to that in skeletal 
muscle. The high proportion of Mi-CK points to a very prominent role of the 
CK/PCr system in the transport of energy in cardiac muscle cells (Wallimann et 
al., 1992). On the other hand, model calculations have predicted that the 
distance between mitochondria and myofibrils in cardiac cells is small enough 
to allow direct diffusion of ATP and ADP. Others have therefore questioned the 
biological significance of the transport role of the CK/PCr system in heart (Meyer 
et al., 1984; Yoshizaki et al., 1990). 
Creatine Depletion from Skeletal and Cardiac Muscle 
The creatine analogue /?-guanidinopropionic acid (/?GPA) (Fitch et al., 1 974) has 
extensively been used to study the biological significance of the CK/PCr system 
in skeletal and cardiac muscle bioenergetics. Creatine uptake is inhibited by 
/?GPA, leading to reduction of Cr and PCr levels and accumulation of the analog 
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and its phospho-derivative (/?GPAP) These/?GPA and/?GPAP molecules are both 
poor substrates for the CK isoenzymes in muscles at rest However, /?GPAP has 
been shown to buffer ATP levels quite well during periods of high energy 
requirements (Shoubridge and Radda, 1984; Meyer et al., 1986, Conley and 
Kushmenck, 1 990). In skeletal muscle of rats fed a diet containing /?GPA for 8-
10 weeks, levels of total creatine (Cr and PCr), PCr, ATP and CK decrease about 
12-, 10-, 2- and 1.5-fold, respectively (Fitch et al., 1974; Shoubridge and 
Radda, 1 984 and 1 987 ; Shoubridge et al., 1985a; Meyer et al., 1 986). The 1 2-
fold reduction of the total creatine levels results in a similar reduction of fluxes 
through the CK reaction (Shoubridge and Radda, 1984, Meyer et al , 1986) 
Since PCr levels are still in the range of the myofibrillar M band (Saks et al., 
1 976) and sufficiently high to support maximal energy flux from mitochondria 
to myofibrils (Jacobus, 1985b, see also Wallimann et al., 1992) it has been 
argued that the CK/PCr system still functions quite well in muscles of /?GPA-fed 
rats. Muscle regions wi th almost exclusively fast fibres adapt to the analogue 
by increasing their aerobic potential by about 30 -40%. In these fibres, no 
changes in mitochondrial size, number or structure were noticed at the electron 
microscope level (Gori et al , 1988) Because it is a common finding that/?GPA 
feeding results in a substantial reduction in the average size of fast fibres (up 
to 2-fold in type 2B fibres), the increased aerobic capacity might reflect a fibre 
size reduction without any changes in the mitochondria themselves (Petrofsky 
and Fitch, 1 980 , Shoubridge and Radda, 1 985) Glycogen levels in PCr depleted 
fast fibres are approximately 2-fold above normal (Shoubridge et al., 1 985a) and 
are accompanied by reduced glycogen consumption during muscle work. This 
in turn may result from an impaired activation of glycogenolysis as the build up 
of inorganic phosphate at the onset of contraction is far below normal (Meyer 
et al., 1986). On the other hand, no alterations in the aerobic and glycolytic 
potential were observed in the soleus muscle, which is mainly composed of type 
1 fibres (84%). Typically, a large proportion of the mitochondria in these type 
1 fibres have paracrystalhne inclusions (Gori et al., 1988) Such abnormal 
structures contain Mi-CK (Stadhouders et al., 1990) and are associated wi th a 
number of human mitochondrial myopathies (Dubowitz, 1985; Walton, 1988). 
Remarkably, the type 2 fibres in the soleus muscle (16%) all transformed into 
type 1 fibres, enhancing the endurance performance of this muscle (Petrofsky 
and Fitch, 1 980). The plantaris muscle of rats fed /?GPA (4% type 1, 5 3 % type 
2A and 41 % type 2B in the normal situation) had no fibre type transformations 
and exhibited no abnormal contractile characteristics (Petrofsky and Fitch, 
1980), despite its increased aerobic capacity. Meyer and co-workers (1986) 
reported reduced performance of PCr-depleted gastrocnemius-plantans-soleus 
muscles at the start of exercise, whereas the endurance of these three muscles 
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as a whole had improved 
In heart, feeding of /?GPA or /?-guamdinobutync acid (/?GBA), which is a 
creatine analogue with similar effects as/?GPA, has less dramatic effects on the 
energy metabolite levels than in skeletal muscle PCr and Cr concentrations 
declined about 10- and 5-fold, respectively, whereas ATP and P, levels were just 
slightly reduced (Shoubridge et al., 1985b, Kapelko et al., 1988, Zweier et al., 
1991 ). The fluxes through the CK reaction declined 2- to 4-fold. Unlike skeletal 
muscle, levels of enzymes involved in glycolysis, the Krebs cycle or oxidative 
phosphorylation were similar in normal and /?GPA-treated hearts Thus, their 
aerobic and anaerobic energy generating capacity appears to be unaffected 
(Shoubridge et al , 1985a). However, hypertrophy of cardiac muscle and an 
increased diastolic pressure in the left ventricle do show that cardiac function 
is to some degree affected by depletion of PCr and Cr (Kapelko et al . ,1988, 
Mekhfi et al., 1990, Zweier et al , 1991) 
1.3 CK AND PCR IN TISSUES OTHER THAN SKELETAL MUSCLE AND HEART 
BB-CK and ubiquitous Mi-CK isoforms are co-expressed in a large number of 
tissues (and cells) other than striated muscle The integration of the CK/PCr 
system in the energy metabolism of some of these tissues and cells has been 
subject of various studies and will be discussed briefly 
Brain 
Unlike in skeletal muscle, little is known about the specific functions of the 
CK/PCr system in brain Brain is a heterogeneous tissue with multiple cell types 
which display a highly variable expression of enzymes involved in energy 
metabolism (Hertz, 1 978, Holtzman and Olson, 1 983) Therefore, workload and 
energy consumption are difficult to assess, although it is generally accepted that 
seizures represent the highest state of energy demand in the brain (Duffy and 
Plum, 1981). The PCr pool in brain tissue maximally declines 20-40% during 
seizures, while ATP levels remain constant. If blood supply to the brain then is 
stopped, PCr and ATP rapidly drop below the detection levels of 31P nuclear 
magnetic resonance (NMR) spectroscopy (Prichard et al , 1983, Hope et al., 
1987; Peres et al., 1988). These experiments suggest that a rather small 
fraction of the PCr pool in brain is used as an energy buffer during periods of 
high metabolic activity, whereas the remainder may function to bridge short 
periods of ischemia (Shoubridge et al , 1982) 
The major CK isoenzymes in brain and neuronal tissues are ubiquitous Mi-
CK and BB-CK [their ratio is 1 1 0 0 in rats (Bittl et al , 1987)] CK isoenzymes 
and PCr are found over the entire brain, but regional and cellular differences 
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have been noticed using nuclear magnetic resonance imaging of total creatine, 
and by immuno-histochemical and biochemical analyses (Cadoux-Hudson et al, 
1989; Moonen et al., 1990; Manos et al., 1991). For instance, PCr and CK 
levels are more abundant in the cerebellar cortex than in the white matter, 
whereas the molecular layer of the cortex itself contains more CK than its 
granular layer. Cerebellar Purkinje cells exhibit extraordinarily high levels of BB-
CK expression (Khan et al., 1976; Kato et al., 1986). In addition to neuronal 
cells, BB-CK activity is also found in oligodendrites (Manos et al., 1991), 
astrocytes (Thompson et al., 1980) and certain glia cells (Scalabrini et al., 
1989). Surprisingly, Hamburg and co-workers (1990) recently also detected 
expression of MM-CK in specific regions in the brain. The subcellular and 
functional compartmentation of BB-CK dinners remains to be elucidated. So far, 
BB-CK dinners have only been found co-localized with synaptic vesicles and the 
plasma membrane (Friedhoff and Lerner, 1977; Lim et al., 1983), where they 
might function in acetylcholine release and maintenance of membrane potentials 
(Dunant et al., 1988; Blum et al., 1991). 
Smooth Muscle 
In smooth muscles, BB-CK is the dominant isoform, but also small amounts of 
BM-CK and traces of MM-CK and Mi-CK (ubiquitous) can be detected. PCr levels 
are about 10-fold below the levels found in striated muscles (Focant and Watts, 
1973; Ishida et al., 1991). Subcellular compartmentation of the cytosolic 
isoenzymes has not yet been demonstrated in smooth muscle. Interestingly, CK 
isoenzyme activity and PCr levels in the myometrium coordinately increase 
about 2-fold wi th pregnancy (Iyengar and Iyengar, 1979; Iyengar et al., 1980 
and 1982; Iyengar, 1984), suggesting that the CK/PCr serves an important 
function in the energy supply during uterus contraction. CK activity and PCr 
levels decline to normal within a week after birth. These fluctuations in CK 
activity are controlled by hormones as reported by Reis and Kay (1981). They 
showed that expression of the B-CK gene in the myometrium of female rats is 
enhanced within a few hours after application of oestradiol. An elevation of PCr 
and Cr levels is established several days later. 
Retina Photoreceptor Cells 
The CK/PCr system may also play a key role in the bioenergetics of vision as 
large amounts of PCr and high activities of two CK isoenzymes, Mi-CK 
(ubiquitous) and BB-CK, are present in photoreceptor cells of the retina 
(Wallimann et al., 1986b). These cells are highly polarized. The sites of ATP 
production, oxidative phosphorylation and glycolysis, are restricted to the inner 
segment, whereas the ATP-consuming reactions crucial for vision occur in the 
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outer segment Soluble CK-BB is subcellularly localized in the inner segment, but 
the enzyme is also associated with the plasma membrane of both the inner and 
outer segments (Quest et al , 1989) Μι CK is confined to the ellipsoid portion 
of the inner segment, where the mitochondria are grouped Mi-CK is located in 
the mitochondrial intermembrane space as well as along the cristae membranes 
of mitochondria (Wallimann et al., 1 986b) Thus, in the inner segment, PCr can 
be produced from glycolytic ATP catalyzed by BB-CK and from mitochondrial 
ATP by Mi-CK, after which it is transported to the peripheral region of outer 
segment There, PCr is transphosphorylated to ATP via BB-CK Finally Cr 
diffuses back again to the inner segment to become rephosphorylated Apart 
from photoreceptor cells, neuronal cells of the retina and Muller glia cells also 
exhibit high CK isoenzyme activity (Wegmann et al , 1991). 
Spermatozoa 
Spermatozoa are also highly polarized cells in which the sites of ATP production 
and consumption are separated Sea urchin sperm has been extensively used to 
study the significance of the CK/PCr in vivo In these cells, ATP is exclusively 
produced by mitochondrial respiration The mitochondria are clustered in the 
mid-area of the head region, where energy is transferred from ATP to Cr via the 
Mi-CK-catalyzed CK reaction The PCr formed diffuses along the flagellum where 
a CK isoform specific for sea urchin sperm, called TCK, serves to replenish the 
ATP consumed by dynem ATPase, the molecular motor of sperm motil ity 
(Tombes and Shapiro, 1 985 and 1987) TCK is found as a free molecule in the 
cytoplasm as well as associated wi th the plasma membrane of the tail and the 
microtubles of the axoneme (Quest and Shapiro, 1 9 9 1 , Quest et al , 1 992) The 
PCr circuit in sperm cells is crucial for normal flagellar movement, as shown by 
the attenuation of flagellar beating in the presence of fluorodinitrobenzene, an 
mactivator of CK isoenzymes (Tombes and Shapiro, 1985) The Mi CK subunit 
in sea urchin sperm has a size (M r = 47 kD) similar to the vertebrate Mi-CK 
isoenzymes, however, TCK (M r = 145 kD) is considerably larger than В and M 
subunits of vertebrate species. TCK, encoded by a triplicated gene (Wothe et 
al , 1990), contains three complete but non-identical CK segments which are 
linked by amino acid stretches not shared by other known CK isoforms 
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1.4 GENE TARGETING IN MOUSE EMBRYONIC STEM CELLS 
The combination of gene targeting and embryonic stem cell (ES) technology has 
created new possibilities to produce mice wi th specific mutations in defined 
regions of the genome. The pathway for generating such mutant mice, which 
is illustrated in Figure 3, requires multiple steps and involves: (1) the use of 
standard recombinant DNA technology to clone target sequences of interest and 
provide them with the desired mutations; (2) the recombination of the mutation 
into the cognate segment in the genome of cultured mouse ES cells; (3) the 
identification of mutant ES cells and the production of chimeras from these ES 
cells by their microinjection into host blastocysts or co-culture of ES cells and 
recipient 8-cell embryos (Wood et al , 1993); and (4) breeding programs to 
assess germline transmission of the mutation and generate homozygous mutant 
mice. Various aspects of this new technology, the major improvements that 
have made the technique less demanding and its current fields of application will 
be outlined briefly (for review see: Bollag et al., 1989; Capecchi, 1989; Porter, 
1989; Melton, 1990; Joyner, 1991 ; Kim et al., 1 9 9 1 ; Rossant, 1 9 9 1 ; Vega, 
1 9 9 1 ; Hooper, 1992; Zimmer, 1992) 
Mouse Embryonic Stem Cells 
Mouse ES cells are derived from the inner cell mass (ICM) of embryos in the 
blastocyst stage (3 5 days post coitus) (see Figure 3) (Evans and Kaufman, 
1 981 ; Martin, 1 981 ; Robertson, 1 987; Hooper, 1 992). ES cells are pluripotent 
cells that can be propagated in vitro in their undifferentiated state if the 
appropriate culture conditions are used. High fetal calf serum (FCS) 
concentrations and the continuous presence of leukaemia inhibiting factor (LIF) 
are most important in this respect. LIF levels can be controlled in several ways: 
(1) by the use of LIF-producing feeder layers of primary embryonic fibroblasts 
(Doetschman et al , 1 985) or STO fibroblasts (Ware and Axelrad, 1 972) , (2) by 
the use of medium conditioned by LIF-secreting buffalo rat liver (BRL) (Smith 
and Hooper, 1983) or human bladder carcinoma 5637 cells (Williams et al., 
1 988), and (3) by the direct addition of recombinant LIF to the culture medium. 
LIF occurs in t w o forms, a matrix-associated and a diffusible form. Both proteins 
are derived from the same gene by alternative promoter use (Rathjen et al., 
1 990), but it is not known whether they are equally important in maintaining the 
pluripotent state of ES cells Besides LIF, also other factors such as homophilic 
and heterophils cell-cell contacts between ES and feeder cells may have 
influence on undifferentiated growth. 
If ES cells are kept under the appropriate conditions, they can be 
reintroduced into host blastocysts (often derived from inbred strain C57BL/6 or 
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Balb/c) and participate in the development of all kinds of mouse tissues, 
including the germlme. The overall level of contribution from the ES cells in a 
mosaic mouse can simply be estimated from the skin pigmentation if host 
blastocysts and ES cells are derived from mouse strains with different coat 
colours. Germline chimeras can transmit the genome of ES cells, together with 
planned genetic modifications, to their offspring (Robertson et al., 1986). By 
breeding wi th germlme chimeras, mice can be established that carry the 
mutation in every cell of their body (Figure 3). 
Well-established ES cell lines with germline potential, that are commonly 
used by many research groups all over the world, are CCE (Robertson et al., 
1986), D3 (Doetschman et al., 1985), E14 (Handyside et al., 1989), Л (Li, 
1 992) and AB-1 (or AB2.1 ) (McMahon and Bradley, 1 990). These are all male 
ES cell lines derived from substrains of inbred strain 129. More recently, ES 
cells (BL/6-III) have also been derived from mouse inbred strain C57BL/6 
(Ledermann and Biirki, 1 991 ). D3 and J1 ES cell lines have been generated on 
mitotically inactivated feeder layers of primary embryonic fibroblasts, CCE cells 
on STO fibroblasts, AB-1 (AB2.1) cells on STO fibroblasts transfected wi th a 
vector expressing human LIF, and E14 cells on 6 0 % BRL-conditioned medium 
in combination wi th feeder layers. ES cells are usually cultured under the 
conditions of their primary isolation, but other culture conditions have also been 
used successfully (Mombaerts et al., 1992; Plump et al., 1992; Itohara et al., 
1993). 
A major problem in ES cell technology is that ES cells in culture may lose 
their ability to colonize the germline. Two possible explanations for this problem 
have been put forward. Firstly, ES cells in culture may be triggered in some way 
to enter a certain differentiation program and as a consequence lose their 
pluripotency (Doetschman et al., 1985). Secondly, ES cells may undergo 
karyotypic changes in culture (Robertson, 1987; Schwartzberg et al., 1989). If 
• Figure 3. Generation of Mouse Mutants via Homologous Recombination in Embryonic Stem 
Cells. ES cells are derived from the inner cell mass of wild-type blastocysts (XY). They can be 
cultured in their undifferentiated state on irradiated fibroblast feeder layers or in medium 
supplemented with LIF Following site-specific mutagenesis and screening procedures, correctly 
targeted ES cells are reintroduced into blastocysts from mice with a different coat colour, 
where they intermingle with the host cells. After transfer of the manipulated embryos to the 
uterine horns of pseudopregnant mothers, ES cells participate in the development of the embryo 
and contribute to all kinds of tissues including the germline. Chimeras, which can be identified 
by coat colour, are mated to mice of a coat colour over which the ES cell pigmentation markers 
are dominant. This allows rapid screening of mice carrying an ES cell derived genotype. Finally, 
interbreeding of heterozygotes carrying the mutant allele can give rise to mice homozygous for 
the desired genomic mutation. 
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subsets of aneuploid cells gain a growth advantage under particular culture 
conditions, they can dominate the population within a short period of time An 
increased risk for ES cell differentiation and chromosome instability may occur 
if culture conditions are modified, for instance when (1) new batches of FCS, 
feeder cells, or BRL-conditioned medium are used (Joyner, 1 9 9 1 , A Berns, 
personal communication), (2) ES cell lines are transferred from one laboratory 
to another (F. Oerlemans, unpublished data) and (3) ES cells are stressed wi th 
selective agents such as gancyclovir or 1-[2 deoxy, 2-fluoro-/?-D-
arabmofuranosyl] 5-iodouracil (FIAU), or are exposed to oxidative compounds 
(Spierenburg et al , 1984; Parchment et al , 1990) Therefore, chromosome 
numbers of ES cells in culture have to be checked on a routine basis (see 
Robertson, 1987). Once in a while this should be accompanied by G-banding 
analysis to test for chromosomal translocations (Schwartzberg et al., 1989) 
The use of purified LIF to replace feeder cells and conditioned medium may 
provide a more defined growth medium, but the considerable variation between 
FCS batches will remain a serious problem (Hooper, 1992) 
Gene Targeting in ES Cells 
Gene targeting approaches rely on the intrinsic ability of mammalian cells to 
target exogenous DNA sequences to specific chromosomal sites and mediate 
recombination between homologous DNA regions Although the exact molecular 
mechanism of homologous recombination remains to be elucidated (see 
Kucherlapati and Smith, 1988), it is well known that the recombination 
machinery can mediate (1) double crossovers, replacing endogenous DNA 
stretches by their transfected homologues, (2) single crossovers, inserting 
exogenous DNA in the chromosomal region of homology, (3) gene conversions, 
copying dishomologies between incoming and chromosomal sequences from 
exogenous to endogenous DNA or vice versa and (4) combinations of gene 
conversions and single or double crossovers (reviewed in Porter et al , 1989, 
Hooper, 1992) The type of recombination event to occur depends largely on 
the design of the targeting vector (see below), but still all possible outcomes of 
the recombination events mentioned above need to be considered when 
assessing whether a planned genotypic alteration has indeed occurred (Porter 
et al., 1989; Hasty et al., 1991a, van Deursen et al , 1991). 
Despite the ability of mammalian cells to permit homologous 
recombination, the absolute frequency of gene targeting has always been very 
low (about one per 104 to 107 treated cells) Moreover, because the incoming 
DNA will most often be subject to random chromosomal integration via a 
mechanism called illegitimate recombination (Roth and Wilson, 1985; Roth et 
al, 1985), the identification of homologous recombinants can become a 
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laborious task and will depend crucially on the selection strategy used. In 
addition to criteria that facilitate and economize selection of targeted clones, 
parameters that may influence the frequency of homologous recombination have 
been studied extensively, as outlined below. 
Factors that Influence Gene Targeting Efficiency 
Basically, two distinct vector designs have been tested in gene targeting 
experiments, namely replacement and insertion vectors (Thomas and Capecchi, 
1987) Replacement vectors (see Figure 4) are designed to integrate foreign 
DNA sequences at a specific site of the chromosomal target locus or accompany 
integration of the foreign DNA with a dislocation of endogenous sequences. The 
modification of the chromosomal locus with these vectors is supposed to occur 
via a crossover in each of the homologous regions that flank the selectable DNA 
sequences. Insertion vectors, on the other hand, are intended to insert the entire 
vector into their chromosomal target gene via a single crossover in the region 
of homology. The influence of vector type on the frequency of gene targeting 
has been documented by two research groups, that used both the mouse 
hypoxanthme-guanine phosphonbosyltransferase (hprt) gene as chromosomal 
target gene. One group (Hasty et al., 1991 a) found that insertion vectors are up 
to 9-fold more efficient than replacement vectors wi th the same sequences of 
homology The other group (Thomas and Capecchi, 1987; Deng and Capecchi, 
1992) reported that the targeting efficiency of both types of vectors is similar, 
but in this study differences other than vector-type have not been excluded. 
Additional studies on other loci will be required to improve our insight into the 
specific effects of vector type 
The frequency of homologous recombination can be increased if targeting 
constructs are linearized within the homology region prior to DNA transfection 
(Thomas et al., 1986; Doetschman et al., 1987; Hasty et al , 1992). Insertion 
vectors linearized in this way are more efficient substrates for the homologous 
recombination machinery than identical vectors wi th a double-stranded break at 
the edge of or outside the sequences of homology (Hasty et al., 1992) 
However, this may not hold true for replacement vectors, since the presence of 
large blocks of nonhomologous DNA at the free ends of these vectors had no 
effect on the frequency of gene targeting (Mansour et al., 1988). This suggests 
that the homologous recombination machinery is sensitive for the linear 
topology of replacement vectors, rather than for the provision of homologous 
ends. With insertion vectors, the crossovers often occur at some distance from 
the site of linearization, while wi th replacement vectors they often taken place 
near the ends of the targeting vector (Deng et al , 1 993). 
The frequency of gene targeting strongly depends on the length of 
29 
homology between vector and target sequences In case of the mouse hprt 
gene, a stepwise enlargement of the total homology length from 2 to 1 2 kb 
resulted in an almost linear increase of the targeting efficiency, replacement and 
insertion vectors wi th 12 kb homology were approximately 100-fold more 
efficient than similar vectors wi th only 2 kb of homology (Deng and Capecchi, 
1992). The recombination system was found to be saturated above 
approximately 14 kb of homology. A similar relationship between the homology 
length and the number of targeted clones has been observed by Hasty and co-
workers (1991b). 
Gene replacements will usually occur as predicted if the vectors used are 
designed such that the selectable DNA is flanked by several kilobases of 
homology to the target locus. However, if replacement vectors are constructed 
such that the homology on one arm is less than 1 kb, the fidelity of the 
homologous replacement will be significantly affected, wi th these vectors often 
not recombining as predicted (Berinstem et al., 1992; Thomas et al , 1992) 
The frequency of gene targeting using replacement vectors appears to be 
unaffected by the length of the nonhomologous DNA included in the vector, 
provided that the flanking stretches of homology DNA are of sufficient length 
(Mansour et al , 1 990). Foreign DNA segments of up to 1 2 kb, containing genes 
which encode for E coli /?-galactosidase and neomycin phosphotransferase, 
have been shown to integrate efficiently into the endogenous hprt locus of 
mouse ES cells. On the other hand, the size of the chromosomal target 
sequences to be removed by homologous replacement can exceed by far the 
length of the nonhomologous selectable DNA to be integrated. This was 
demonstrated by the successful exchange of a 1 5 kb fragment of the genomic 
T-cell receptor /?-subunit locus for a 2 kb pGKneo cassette (Mombaerts et al., 
1991). 
The frequency of homologous recombination is highly reduced by the 
presence of base sequence divergences between the incoming DNA and the 
chromosomal target, as has recently been recognized in our laboratory Targeted 
mutagenesis at the M-CK gene in 129-denved ES cells was at least 25-fold 
more efficient wi th an isogenic DNA construct than with one derived from 
nonisogenic DNA (mouse strain Balb/c derived). Both vectors were fully identical 
except for strain specific DNA base sequence divergences, including 2 % base 
pair mismatches and polymorphic repetitive elements. In parallel, others have 
documented comparable data for the retinoblastoma susceptibility (rb) gene (te 
Riele et al., 1992) and the hprt gene (Deng and Capecchi, 1992), underscoring 
that vectors wi th perfect homology to the chromosomal target gene benefit the 
efficiency of targeted mutagenesis 
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Applications of Gene Targeting 
Since the first demonstrations of homologous recombination between 
endogenous and transfected DNA sequences in mammalian cells (Folger et al , 
1 9 8 4 , Smithies et al., 1 985), several applications of gene targeting have been 
developed, which are described below. 
A. Gene Inactivation 
Thus far, gene inactivation is the major application of gene targeting and is 
mainly used to investigate the function(s) of genes in vivo. The principal aim of 
gene inactivation is to disrupt endogenous gene sequences which are crucial for 
expression of a functional gene product Such a disruption is usually achieved 
by integration of a dominant positively selectable marker in the target gene A 
variety of genes can confer selectable phenotypes on mammalian cells, but the 
neomycin phosphotransferase (neo) gene and the hygromycin В 
phosphotransferase (hygroB) gene are the markers most commonly used. 
(Southern and Berg, 1 9 8 2 , Santerre et al., 1 984). Cells expressing these genes 
are resistant to the toxins G418 and hygromycin B, respectively. Clones 
surviving the drug selection will be a mixture of targeted and random integrants 
Homologous recombinants are identified by screening individual clones by direct 
Southern blot analysis or by strategies based on the polymerase chain reaction 
(PCR) (Kim and Smithies, 1988), or both. PCR screenings are based on the 
detection of predictable DNA junctions created by homologous recombination 
events and are often used to detect targeted cells in large pools of 
transformants. To avoid specific problems that can be encountered with PCR 
screening, certain precautions should be taken into account (Kim et al , 1 991 ) 
The identification of homologous recombinants can further be facilitated 
by application of one of the two enrichment strategies currently available. The 
first is the positive and negative selection (PNS) strategy as first outlined by 
Mansour and co-workers (1 988) (Figure 4) In addition to a positively selectable 
marker within the region of homology with the chromosomal target gene, a 
negatively selectable gene is ligated to either the 5' or 3' end of this region 
After introduction of the targeting construct into ES cells, selection on the 
positively selectable marker will allow growth of all transformed cells, whereas 
additional negative counterselection will kill any transformants co-expressing the 
negatively selectable marker The majority of homologous recombination events 
will exclude the negatively selectable marker from the mouse genome, while this 
marker will often be co-integrated during illegitimate recombination. In this way, 
the PNS approach will result in an enrichment for ES cell clones that have the 
desired genotypic modification The herpes simplex virus thymidine kinase (hsv-
tk) gene (under the control of promoters active m ES cells) has been proven to 
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be a particularly useful negative selection marker (McMahon and Bradley, 1 9 9 0 ; 
Chiska and Capecchi, 1 9 9 1 ; Soriano et al., 1 9 9 1 ; Kitamura et al., 1991). 
Transformants expressing this gene do not survive in the presence of the 
nucleoside analogues gancyclovir or FIAU (Mansour et al., 1 9 8 8 ; McMahon and 
Bradley, 1990) and most importantly, these drugs do not affect the 
undifferentiated nature of ES cells. Alternatively, the diphtheria toxin A-fragment 
(DT-A) gene can be used for the negative selection (Yagi et al., 1990; Le 
Mouellic et al., 1992). 
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Figure 4. The Positive and Negative Selection Procedure as Used for Gene Inactivation. 
Schematic representation of a homologous (A) and a nonhomologous recombination event (B) 
using a positive-negative selection vector. 
The second type of enrichment for homologous recombinants is called 
conditional positive selection (Joyner et al., 1989; Zijlstra et al., 1989; 
Schwartzberg et al., 1989; Stanton et al., 1990). The principle is to design a 
targeting vector (replacement- or insertion-type) with a positively selectable 
marker that requires the promoter or polyadenylation signal of the endogenous 
gene for its expression. Such DNA sequences are rarely provided by illegitimate 
integration of the targeting vector, but are captured by homologous 
recombination in the predesigned way. An obvious drawback is that the use of 
a promoterless marker is restricted to target genes that are sufficiently 
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expressed in ES cells. 
Thus far, several different knock-out mice have been created and studied. Often 
the phenotypes are in keeping with the predictions based on knowledge of the 
gene product or its pattern of expression. Several knock-outs in the field of 
immunology behave like this, for example mice deficient for the μ chain 
(Kitamura et al , 1991), RAG-1 and -2 (Mombaerts et al., 1992; Shinkai et al , 
1 992) and ρ56 (Mollina et al., 1992). A major advantage for application of the 
knock-out technology in this field of interest is that the immune system can be 
considered as a distinct compartment which is not essential for laboratory mice 
in a pathogen free environment As expected, homeobox knock-outs display all 
kinds of defects that have occurred during early stages of embryonic 
development. Many such mutants die before or soon after birth (Chisaka and 
Capecchi, 1 9 9 1 ; Chisaka et al , 1992, Le Mouellic, 1992) Mice deficient in 
myogenin show a severe reduction of all skeletal muscle which is consistent 
with its presumed function as muscle-specific transcription factor that can 
induce myogenesis (Hasty et al., 1993; Nabeshima et al., 1993). 
In a second category of mice, the loss-of-function mutation has no 
phenotypic consequences or induces a less severe phenotype than expected 
This group contains genes like those encoding /?2-microglobulin (Zijlstra et al., 
1990), interferon-K (Huang et al , 1993), MyoD (Rudnicki et al , 1992), PrP 
protein (Bueler et al , 1992), Τ cell surface glycoprotein CD2 (Killeen et al., 
1992), RAR/2 (Lohnes et al , 1993) and TGFo (Mann et al , 1993) These 
mutants show that (1) proposed gene functions based on circumstantial 
evidence are sometimes incorrect or incomplete and (2) functional redundancy 
may be a strategy of organisms to overcome natural loss-of-function mutations 
In a third set of null mutants, the phenotype has no correlation to the 
presumed gene function(s) For example, Myf-5 deficient mice display no 
skeletal muscle related abnormalities but die shortly after birth because of major 
rib defects (Braun et al., 1992), and transforming growth factor-/?1 deficient 
mice exhibit no gross developmental abnormalities but about 20 days after birth 
they succumb to wasting syndrome accompanied by multifocal inflammatory 
disease leading to death (Shull et al., 1992). 
В. Subtle Mutations 
Phenotypic alterations in null mutants are often very complex and primary and 
secondary effects of gene ablation can be hard to distinguish in such cases. 
Genetic lesions may knock on molecular and cellular events that ameliorate, 
counterbalance or increase their actual detrimental effects. A better 
understanding of gene function may then be obtained by phenotyping one or a 
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series of subtle gene mutants. To this end gene targeting, for example, can be 
applied (1) to change the expression level rather than the structure of a gene, 
(2) to introduce, remove or mutate certain functional domains of proteins which 
have a modular build up while leaving the remainder of the protein intact. 
Currently, t w o mam procedures have been described that can be used to 
introduce, in theory, any desirable subtle mutation into the genome of ES cells 
Both require t w o subsequent rounds of homologous recombination. In the 
method outlined by Evans (1989) (see Figure 5A) a cassette with both a 
positively and a negatively selectable marker, for instance a cassette containing 
the hygro/hsv-tk (Lupton et al., 1991) or neo/hsv-tk fusion gene (Schwartz et 
al , 1991), is integrated into the target locus via a first round of homologous 
replacement using drug selection on the positively selectable marker The 
mutant endogenous locus created can then serve as substrate for subsequent 
targeting events with a second construct designed to replace the 
positive/negative selection cassette by endogenous gene sequences carrying 
any desired subtle mutation. In this second round of homologous recombination, 
the negatively selectable marker is used to select for recombinants, which have 
lost this marker. If the hsv-tk gene is used as a negatively selectable marker 
then transformants will survive in the presence of gancyclovir or FIAU. The 
approach outlined above (called the tag-and-exchange strategy) has successfully 
been applied to introduce five point mutations in the σ2 Na,K-ATPase gene, 
which resulted in t w o amino acid alterations in a functional domain of the gene 
product (Askew et al , 1993). In the second approach (Hasty et al., 1991c; 
Valancius and Smithies, 1 991) (see Figure 5B), called the hit and run procedure, 
the construct used in the primary round of targeting is an insertion-type of 
vector carrying a subtle mutation and a DNA cassette for positive and negative 
selection in distinct parts of the DNA homology region Targeted integration of 
the insertion vector will generate a duplication of the target region. These 
regions are identical with the exception of the subtle mutation While cells are 
in culture, duplicated regions of primary targeted clones can undergo a 
spontaneous recombination event, either by intrachromosomal recombination or 
by unequal sister chromatid exchange This may result in excision of the 
positively and negatively selectable markers together wi th the wild-type copy 
of the duplicated target sequences, leaving the mutant copy in the genome. 
Alternatively, the mutant DNA sequence may be removed while the wild-type 
DNA sequence is retained in the genome. Both types of excision recombinants 
are obtained by selection on the negatively selectable marker. The hit and run 
strategy has successfully been used to create homozygous mutant mice wi th 
a 14 bp insertion in the second exon of the Hoxb-4 gene (Ramirez-Solis et al., 
1 993). Also mouse mutants with a subtle enhancer replacement in the IgH locus 
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have been generated in this way (Serwe and Sabhtzky, 1993). 
There appear to be two limitations to both schemes mentioned above (1 ) 
After the first step, the selectable marker gene(s) are frequently lost by 
mechanisms other than the desired spontaneous homologous recombination 
event (Joyner, 1991). Thus, identification of the desired recombinants can 
become a very laborious task. (2) Prolonged in vitro culture of ES cells wi th two 
subsequent rounds of selective growth can reduce their ability to colonize the 
germline. Moreover, if the hsv-tk gene is used as negatively selectable marker, 
the ES cells obtained after the first round of gene targeting (which for instance 
generated a knock-out allele) may give rise to chimeras wi th reduced fertil ity and 
sterile homozygous mutants because of tk expression (Braun et al., 1990; 
Ramirez-Solis et al , 1993). 
An alternative and less laborious approach to introduce specific mutations 
into the genome is illustrated in Figure 5C. The basic principle of this one step 
recombination strategy is to design a targeting vector that will introduce the 
desired subtle mutation in the endogenous target gene while a positively 
selectable marker will be co-integrated in a potentially insignificant site, such as 
an mtergenic area or an intron. This strategy can also be used in combination 
with the Cre-loxP recombination system (Sternberg and Hamilton, 1 9 8 1 ; Gu et 
al., 1993) and involves two steps (Figure 5D). The design of the targeting 
construct used in the first step is identical to that described for the one step 
strategy (Figure 5C), except that the positively selectable marker is replaced by 
a positive/negative selection cassette flanked by two loxP sites. In the second 
step, the Cre-recombmase is transiently expressed in the targeted ES cells Cre 
catalyzes a loxP site-dependent recombination displacing the selection markers 
between the two loxP sites from the mutant allele and leaving just a single loxP 
site behind The positively selectable marker serves to select for homologous 
recombinants in the first step and the negatively selectable marker will facilitate 
the isolation of cells having undergone Cre-mediated recombination With this 
two step approach possible artifacts due to the presence of selectable markers 
can be avoided 
C. Gene Correction and Disease Models 
A third application of gene targeting is the correction of dysfunctional genes as 
first demonstrated for the hamster adenine phosphonbosyltransferase (aprt) 
(Adair et al., 1989) and the mouse hprt gene (Thompson et al., 1989). In the 
latter case, a natural deletion in the hprt gene of ES cell line E14TG2a, that 
spans the promoter region and the first two exons (Hooper et al , 1987), was 
corrected using an insertion vector containing the two deleted exons and some 
5' flanking sequences of homology Chimeras derived from targeted clones 
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produced offspring carrying the corrected hprt gene, which appeared to have 
the same pattern of expression as the normal hprt gene. In theory, gene corree-
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Figure 5. Targeting Schemes to Create Subtle Genomic Mutations. 
The endogenous locus is depicted as a four exon gene with exons shown as black rectangles. 
Positively selectable markers (e.g. hygro) are shown as + and negatively selectable markers 
(e g hsv-tk) as -. * Indicates the position of the subtle mutation (A) The tag and exchange 
strategy. (B) The hit and run strategy (for sake of clarity exogenous exon and intron sequences 
are shown as thinner boxes). The recombination event illustrated is an intrachromosomal 
recombination (C) A one step targeting approach using a replacement vector. The horizontal 
arrows indicate the direction of transcription of the endogenous and the marker gene, 
respectively (D) A one step targeting approach followed by Cre-loxP-mediated recombination. 
The loxP sites are shown as small horizontal arrows 
t ion like this might also be feasible to overcome those human genetic disorders 
where somatic gene therapy is considered as a strategy (see Vega, 1991) 
However, a more actual approach at this moment is to create mouse models 
that mimic human hereditary disorders These models can then be used to study 
(1) the phenotypic consequences of the mutation, (2) the possibilities of early 
diagnosis and (3) new therapies. The value of such an approach has very 
recently been underscored by the correction of the ion transport defect in cystic 
fibrosis mice by gene therapy (Hyde et al., 1 993). The ion conductance defects 
in the trachea of cftr (cystic fibrosis transmembrane conductance regulator) 
knock-out mice (Dorm et al , 1992; Snouwaert et al., 1992) were found to be 
restored by the functional human CFTR gene delivered by liposomes to the 
epitheha of the airway and to alveoli deep in the lung Knock-out technology has 
also been applied successfully to gain a better understanding of the 
development of atherosclerosis (Piedrahita et al , 1 9 9 2 , Plump et al , 1 992) and 
the various aspects of tumour progression (Donehower et al , 1 9 9 2 , Matzuk et 
al., 1 9 9 2 ; Lee et al., 1 9 9 2 , Jacks et al., 1 9 9 2 ; Clarke et al , 1 992), whilst many 
researchers are currently trying to simulate monogenic disorders 
D. In Situ Gene Expression 
A fourth and more fundamental application of the combined gene targeting/ES 
cell technology is to monitor tissue and developmental stage specific 
expression patterns of genes via a reporter gene, such as the E. coli β-
galactosidase gene (Mansour et al , 1990). This concept is taken from the gene-
trapping approach which has become particulary important in the study of 
developmental^ regulated genes (see Joyner, 1991). The principle is to insert 
a lacZ gene in the chromosomal target that requires the promoter of the 
endogenous gene for its expression. The/?-galactosidase activity observed will 
then reflect the normal activity of the endogenous gene. This method has 
successfully been applied to the НохЗ 1 gene (Le Mouellic et al., 1990 and 
1992) 
1.5 AIM, RATIONALE AND OUTLINE OF THIS THESIS 
The aim of the studies described in this thesis was to define the physiological 
importance of the CK/PCr system in the energy metabolism of cells and tissues 
wi th high and fluctuating energy requirements by generating mice deficient in 
CK via homologous recombination in ES cells. In theory, the best way to 
paralyse both the energy buffer and the energy transport function of the CK/PCr 
system is to disrupt the cytosolic-CK isoforms, because this will completely 
block the transfer of high-energy phosphates from PCr to ATP (Figure 6) 
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Inactivation of mitochondrial CK would prevent production of PCr via the 
mitochondrial route, but PCr synthesis via CK associated wi th compartments of 
glycolytic activity or solubilized in the cytoplasm will not be inhibited. 
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glycolysis 
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Figure 6 Hypothetical Consequences of Cytosohc-CK Deficiency. (A) Schematic representation 
of the CK/PCr system Both Mi-CK and cytosohc-CK isoforms are associated with sites of 
energy production where they catalyze the transfer of energy from ATP to PCr Cytosolic CKs 
are uniquely located at sites of energy consumption where they rapidly replenish hydrolysed 
ATP from PCr In parallel, energy can be delivered to energy requiring processes via direct 
diffusion of ATP from the sites of its production (these pathways are shown by the thin 
arrows) (B) The CK/PCr system in cells and tissues lacking cytosohc-CK isoenzymes (BB-, BM-
and MM-CK) Note that (1) PCr may still be formed via the mitochondrial CK reaction, (2) 
utilization of PCr is completely blocked and (3) direct diffusion of ATP molecules produced is 
the only pathway of energy supply left 
When the experimental work described in this thesis was initiated wi th 
the isolation and characterization of the mouse M- and B-CK genes, the 
feasibility of gene targeting and ES cell technology to generate mice wi th 
specific genetic alterations had yet to be established. At that t ime, only t w o 
gene targeting experiments in cultured ES cells, both involving modification of 
the selectable hprt gene, were documented (Doetschman et al , 1 987, Thomas 
and Capecchi, 1987). The frequency of targeted recombination was low and 
attempts to obtain germhne colonization of ES cells following gene targeting 
failed, although germhne chimeras had previously been derived from wild-type 
ES cells and ES cells genetically modified with retroviral vectors (Robertson et 
al , 1 986 , Kuehn et al , 1 987) In parallel to us, many other laboratories started 
gene targeting experiments facing inefficient homologous recombination and 
germhne incompetence of the mutant ES cells Work in the subsequent three 
years led to - (1) the development of several new targeting protocols for 
nonselectable genes, (2) better understanding of factors that influence the 
efficiency of gene targeting resulting in design of more optimal targeting 
constructs, (3) improvement of culture conditions for ES cells and (4) the 
isolation of new ES cell lines with high germhne contribution (see section 1 4) 
Because of these improvements in gene targeting and ES cell technology, 
nowadays knock-out frequencies above 1 per 100 transformants can often be 
obtained and germhne transmission is achieved for approximately 10 to 5 0 % of 
all diploid ES clones. 
The experiments described in chapters 2-5 of this thesis emerged from 
the early period of pioneering mentioned above. They deal wi th our efforts made 
(1 ) to improve the targeting efficiency at the B-CK (chapter 2 and 3) and the M-
CK gene (chapter 5) and (2) to explore new applications of gene targeting, such 
as double targeting by successive introduction of two targeting vectors 
containing different selectable markers and introduction of more subtle 
mutations into target genes (chapter 4). When germhne transmission of t w o 
different M-CK mutations, a null mutation and a partial loss-of-function 
mutation, was realized, attention was focused on the phenotypic 
characterization of these mutants (chapters 6, 7 and 8) 
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The role of genetic variation in isoenzyme gene families is 
often poorly appreciated. We report here on the determination 
of DNA sequences and typing of genetic variability in four 
creatine kinase В (СКВ) gene loci in different inbred strains 
of mice. The unique functional murine СКВ gene was found to 
be nearly identical to the previously characterised rat and hu­
man sequences in both size and exon-intron structure. In this 
gene, approximately 0.5% allelic nucleotide positions as well 
as the lengths of simple Α-rich and [TG], repetitive elements 
located at the 5' and 3' sides of the transcribed segment, dif­
fered between inbred strains of mice. Preliminary experi­
ments suggest that this sequence divergence is of importance 
for design of gene targeting strategies involving homologous 
DNA recombination. The three additional СКВ-like gene loci 
in mice all had the characteristics of processed pseudogenes. 
By Southern blot analysis we could demonstrate that both the 
type and number of pseudogenes differed between inbred 
strains. Analysis of the СКВ gene sequences enabled us to spec­
ulate about the evolutionary history of this highly polymor­
phic Subfamily Of geneS. § 1 2 Academic Pro«, loc 
INTRODUCTION 
Creatine kinase isoenzymes (CK's; EC 2.7.3.2) play an 
important role in cellular processes that require an ade­
quate supply of the chemical-bond energy of ATP. The 
CK isoenzymes function by catalyzing the end reactions 
of the phosphocreatine shuttle between mitochondria 
and cytosolic compartments in higher eukaryotic cells. 
In mammals, three dimenc cytoplasmic isoforms, CK-
BB, -MB, and -MM, and an as yet unknown number of 
octamenc mitochondrial CK isoenzymes do exist (for 
review see Bessman, 1985). Evidence has been presented 
for the existence of at least four functionally distinct CK 
genes encoding the subumts of these enzymes. The se-
Sequence data from this article have been deposited with the 
EMBL/GenBank Data Libraries under Accession Nos M74146, 
M74H7, M74148, M74149 
To whom correspondence and reprint requests should be ad 
dressed 
quences of c D N A s and genes, and therewith the amino 
acid composition for the four products (i.e., the cytosolic 
-B and -M protein subumts and the mitochondrial ubiq­
uitous and sarcomeric CK proteins) have been deter­
mined from a variety of sources (Benfield et al., 1984, 
1988; BiUadello et al, 1986; Jaynes et ai, 1986; Perry-
man et ai, 1986; Pernard et al, 1987; Mariman et al, 
1987, 1989). The expression of the CK genes is tissue-
specific and developmentally controled resulting in 
highly characteristic spatiotemporal isoform distribu­
tion patterns during embryogenesis, growth, and adult 
life (Rosenberg et ai, 1981; Jaynes et ai., 1986). 
In our studies, СКВ gene expression has been subject 
to the most intense experimental scrutiny (Manman et 
ai, 1987, 1989; Mariman and Wieringa, 1991). СКВ ac­
tivity is subject to a bewildering variety of regulatory 
principles involving (i) control at the level of transcrip­
tion by hormones, growth factors, and oncogenes 
(Cande, 1983; Kaye et al, 1986; Daouk et al, 1988; Som-
jen eí oí., 1989); (li) translational repression (Ch'ngeta / , 
1990); and (iii) protein phosphorylation (Chida et al, 
1990). 
We study the many aspects of regulation of СКВ activ­
ity at both the D N A and the protein level. Our approach 
involves the detailed comparison of D N A sequences at 
cognate positions in and around the СКВ genes of 
various species, with the ultimate goal of revealing con­
served D N A or protein motifs with biological relevance 
(Manman and Wieringa, 1991). Furthermore, we are us­
ing reversed genetics strategies involving targeted muta­
genesis (Capecchi, 1989) of murine СКВ genes to study 
the importance of various CK-DNA and protein motifs 
in the context of an otherwise normal cellular environ­
ment in uwo (Deursen van et al, 1991). 
Here we report on the characterization and strain-
specific differences of four СКВ-related gene sequences, 
namely the functionally expressed СКВ gene and three 
processed pseudogenes. The use of the allelic variation 
in the various СКВ genes for genetic typing and the pos­
sible implication of strain-specific differences for ge­
netic targeting, involving homologous D N A recombina­
tion, are discussed. 
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M A T E R I A L S A N D M E T H O D S 
Ammais ceU lines and DN As Mouse inbred strains DBA/2/Ola/ 
Kun and BALB/c/Ola/Kun were obtained from the Central Animal 
Laboratory of the University of Nijmegen, the Netherlands Strain 
C57BL/6N01/BR was purchased from Charles River Wiga, Germany 
and CBA/J/Ola/Hsd mice were from Harlan Olac Limited UK Geno­
mic mouse DNA was prepared from spleens according to Seto and Yen 
(19Θ7) Mouse strain 129/Sv-specific DNA was isolated from cultured 
ES5 embryonic stem cells (Mummery et ai 1989) as described previ 
ouely (Deursen van et ai , 1991) 
Cloning and sequencing of genomic СКВ sequences For the identi 
fication of the functional СКВ gene, a pair of primers based on the rat 
СКВ gene sequence (5 GCTTCAGAAGCGAGGCACAGGT 3 , for 
ward primer homologous to nucleotides +2404 to +2425 and 5 CAC 
CAGCTCCACCTCCGAGGAAG-3 reverse primer complementary 
to nucleotides +2564 to +2585 Benfield et ai 1988) was synthesized 
and used to PCR amplify а С К В gene fragment containing intron-7 
sequences For PCR amplification, mouse strain BALB/c genomic 
DNA and standard reaction conditions were used The resulting PCR 
product was cloned into the Smal site of р С Е М З and sequenced using 
supercoil DNA sequencing (Hattori and Sakaki, 1986) Next, this 
DNA was labeled with [a- 3 a P]dCTP (Amershara) (Feinberg and Vo 
gelstein, 1983) and used as a probe for screening of a genomic λ FIX II 
phage library from mouse F l hybrid [CBA X C57BL/6] spleen DNA 
(Stratagene, La Jolla, CA) For screening, 3 X 10* plaque forming 
units (pfu) were plated on Escherichia coli PLK17 host bacteria as 
recommended by the manufacturer and plaques were transferred to 
nitrocellulose filters for hybridization using standard protocols (Sam 
brook et al 1989) Appropriate segments of the inserts of CKB-posi-
tive recombinant phages were subcloned into plasm id рСЕМЭ (Pro 
mega Biotec) and used for restriction mapping or DNA sequencing 
To enable a comparison between functional С К В genes from differ 
ent inbred strains of mice, a genomic DNA E M B L 3 phage library from 
mouse strain 129/SvE (constructed from partial SauSA digests of 
CCE ES cell DNA, d'Azzo and Grosveld, unpublished) was plated on 
E coli EK1647 host bacteria and screened (3 x 10a plaques) with a 
labeled 262 bp £coRI-PstI (position +1481 to +1743. Fig 1) fragment 
located in intron 5 of the functional, mouse strain CBA derived С К В 
gene 
Finally, for the isolation of С К В pseudogenes a BALB/c mouse 
stram genomic EMBL3 phage library containing partial Sau3A in 
serts (Meijer et al, 1990) was used A total of 5 x 10s plaques were 
screened using a [a 3 2 P ] d C T P labeled 328-bp Pst\-Msp\ human С К В 
cDNA fragment (nucleotide positions 480 to 808 spanning exons 3-6, 
M a n m a n et al 1987) as a probe This probe corresponde to the mu­
rine СКВ exon sequence between nucleotide positions +1146 and 
+2132 as given in Fig 1 
Computational sequence comparisons Multiple sequence align 
ments were made by using the program CLUSTAL (Higgins and 
Sharp, 1988) For manual correction of the alignments and for homol 
ogy calculations the programs SALE and SEQHOM, written by Dr J 
Leumssen (Dutch CAOS/CAMM centre), were used 
Assay of strain specific length uariatton in the СКВ 3 VSSM A set 
of oligonucleotide primers, 5-GCTTCAGAAGCGAGGCACAGGT-J 
(nucleotides +2460 to +2481 Fig 1) and 5-GAGCATCTAAGGA 
CATCTGTGC 3 (complementary to nucleotides +3101 to +3122, 
Fig 1) was used to PCR amplify the variable simple sequence motif 
(VSSM) (Weber and May 1988 Sraeets et al 1989) situated just 
downstream ot the functional С К В gene PCR amplification was per 
formed under mineral oil in a volume of 50 μΐ containing 200 ng of the 
appropriate genomic DNAs and 2 units of Taq-polymerase (Amphtaq, 
Perkin-Elmer/Cetus) in a buffer containing 10 mM T n s - H C I , pH 8 3, 
50 m M KCl, 2 5 mM MgCl,, 200 μΜ d N T P s , and 1 μΜ of each p n m e r 
Reactions were incubated in a Perkin-Elmer/Cetus Thermocycler for 
23 cycles Individual reaction cycles involved denaturation at 94°C for 
1 mm, annealing at 55°C for 1 min, and elongation at 70°C for 2 mm 
To optimize the detection of microsatellite size variation, PCR prod 
ucts were cleaved with restriction enzyme HaelU and analyzed by 
electrophoresis through a vertical, 14-cm-long, 0 75 mm thick non-
denaturating 6% acrylamide gel in 100 mM Tris-borate pH 8 3, 20 
mJVf EDTA buffer Fragments were visualized by UV illumination 
upon ethidium bromide staining 
Visualization of genetic heterogeneity among СКВ gene family 
members To demonstrate the variability ol С К В pseudogenes be 
tween different inbred stains of mice by Southern blot analysis, mouse 
genomic DNAs (10 Mg) and purified phage EMBL3 С К В pseudogene 
specific DNAs (10 ng) were digested with 5au3A. resolved on а 0 A% 
w/v agarose gel in T n s - a c e t a t e buffer, transferred to Biotrace nylon 
membrane (Gelman Sciences), and hybridized to a 160 bp Sau3A 
fragment of СКВ pseudogene P I (see Fig 1) This probe, which spans 
the final 130 bp of exon 5 and the first 30 bp of exon 6 as a contiguous 
element, was labeled with [a 3 ï P]dCTP according to the protocol of 
Feinberg and Vogelstem (1983) 
To visualize distinct Southern blot signals for any of the four indi 
vidual С К В loci, a 266 bp EcoRI-PsfI fragment from the expressed 
С К В gene, a 264 bp S a d fragment from pseudogene P i , a 186 bp 
ЯішіІІІ-EcoRI fragment from pseudogene P2. or a 306-bp Xhol frag 
ment from pseudogene P3 were used following the ьаше protocol (in 
formation regarding the precise positioning of probes and the sizes ot 
the corresponding genomic restriction fragments are available upon 
request) Hybridization and washing conditions were as described 
(Deursen van et al 1991) Autoradiographic exposure to Kodak X 
OMat film lasted 12 36 h at -70°C 
RESULTS AND DISCUSSION 
Isolation and Characterization of Functional СКВ Genes 
Direct Southern blot comparison of genomic DNAs 
from various mouse strains and humans demonstrated 
that СКВ cross-hybridizing sequences in mice are much 
more abundant than in humans Moreover, considerable 
variation in hybridization patterns are observed be­
tween different mouse strains (data not shown) As we 
anticipated that this variability, at least in part, could be 
due to the existence of multiple СКВ pseudogenes we 
first focused on the isolation of the functional murine 
СКВ gene To obtain a specific probe we generated PCR 
fragments using primers specific for evolutionary well-
conserved sequences in the exons 7 and 8, flanking the 
putative seventh intron (Benfield et ai, 1988, Manman 
et al, 1989) With these primers a 184-bp intron 7-spe-
cific PCR product (also containing 20 bp of exon 7 and 
84 bp of exon 8) and a more abundant 104-bp product 
that lacked intron sequences were obtained. Using the 
larger, intron specific, cloned fragment as a probe, we 
screened several mouse genomic DNA phage libraries 
Only in libraries plated on mrcA- and mrcB- E coli host 
strains (Raleigh and Wilson, 1986) positive plaques were 
identified, indicating that perhaps secondary modifica­
tions of the СКВ genomic DNA caused a general un-
derrepresentation of clones Three hybridizing phages, 
all carrying identical inserts were isolated from a geno­
mic library ot mouse Fl hybrid [CBA X C57BL/6] in λ 
FIX II. Restriction mapping and partial DNA sequence 
comparisons to the rat (Benfield et ai, 1988) and human 
СКВ (Manman et al, 1989) genes revealed that the 
phage insert indeed encompassed the complete func­
tional murine СКВ gene including the upstream and 
downstream flanking regions The complete nucleotide 
sequence of the СКВ gene is presented in Fig 1. 
As expected from the strong evolutionary conserva 
tion between CK genes (Babbitt et al, 1986), this murine 
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ctgcagetggacgtggtggcccatgcctttaalcccBgcecttcggeggcagaggcaggegBatctct 1295 
flt 
BagttcgigBccagíctggtctacagagtgagueeeggscagccagggi:tatategBgaBeccctBtcttaa*ea»*CMej:e»aeceaBaeag 1200 
с а ы а а 
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9 
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a a t g c t a g g t c a t a g a g c a a t t t a u M t t t t t t a J c a a a t a c t g c c a u t t a c t t c c c B g a a a u g a t g a e g c t B C t g g e e g c t g c a g c a g g c a a e g t g 901 
c g a a c g c c t a t c t t c a c a c s t t c c s s t t c « c a c c t g g c a c t g g c t g t g g t c a a a t t c c a g a t t t c c c c t B t g t g t e t 9 t f l t 9 0 e e g e e n e 9 t f l e c a c g g S01 
g g a g a g a g a c t g t t t c a a t g t g t t g g a t c t g a t t a a t g a g c t t a a t t t r g a c t g g t g c t t c c t c c a c c c c c a g t t t g c c f g c c g g t g t t g g g g a g t t c t t 701 
tgtgggtgcggtggcagaaaccggtcccccgagaaaagggacaggagatgagaaCttggagattcaaaaacagtctctaggaACtautgtcttgaacct 601 
ttCBgggtctggBTccaagBgtcttggcggtBttccttagagcccgcccaaggtcBgaacaccctgBBtgctteCB99CeB9acctCBgcc>Bactgcgc 501 
ctctggtgttgcaccaagaacacccaggagatgícegcaggceccttgaggaeggtcggcggctctgtg^cicltgaggatatggceTggatgeggtgtt ί,ΰΐ 
tggatBctgtecccaatgttaaaaBCCTggectctcaccetgaccctctcracaacgcagtcggcctgaflgagecaBggaaflBcaagagcctcaagtgcc 301 
atciggcttcccBgactcagtttcctgcccccaggcagigigtetgaagcaBgtccaggatatctatggctctgf lBBTttcetcttaBBeatcctgtgcg 201 
я 
agcaccaccggggtggcceaactgcgcagcggggiegagacttggggaccgctagogtgggccgctggggetgteaagggcigetgcctcggacaaagcg 101 
gcc9caccaccccM«gcgcgnacca»tagaatgaatgsactataaatagccgccaatagaaniKcgcBicncnccccttaaaaQctcaqnaaacaocaa 1 
CCAGCCCTCCTTCTTCTGCGCTGCGCUCGAUCrcCAâCCACACCCATCCAICGCCCCTGCTTCCTccccCATCCCCgtgagcgggrccaagggccaggg +100 
gtatagtcctgcggggctctacgctgtggggtgegggaccggggcatcacgccgegcctcgctgccgggagcgctcaCcggecccgcccgggaactOgg +200 
atgcgctggactctgacgatgcagacctcgeTgacittggtggcgtccagggaaagtcTcgggggtcccaagtggtttgcaggtCCctggcggccggtgt +300 
H P F S H S H N T O K L R F P A E 
ttaaaTCTccTctgaccccgctctTcccigcagCCCGCTGCCGCCCCCATGCCCTTCTCCAACAGCCATUTACGCAGAACCTCCCCTTCCCGCCCGAGG »¿00 
D E F P D L S S H N N K H A K V L T P E L Ï A E L R A I C C T P S G F 
ATGAGTTCCCTCATCTGAGCAGCCACAACAACCATATGGCCAACGTGCTGACCCCCGAGCTGTACGCCGAGCTCCGTGCCAACTGCACGCCGAGCGGCTT +500 
T L O D A Ï Q T G V D H P 
TACTTTGGACGACGCCATTCAuACTGGCGTAGACAATCCGGgtatgcacacccctgtagcgtcaggcttccgcctccccaageagccccccgggeaagga +600 
tcccactgctcttccctgeaccttcggtgggctggggteccctgttcccctctccgcgcttaocettaaBagcctcgflCttgctcctgcctgacggtgac *700 
G H Ρ Τ [ H T V G A V A G D E E S Y D V F l C D L F 
gtcactgtcgccgcgcccctcctccagCCCACCCGIACATCATGACTGlGGGTGCAGTGÍCGfiGCGACGACGAGAGTTACGACGTATTCAAGGACCTCTT *800 
0 Ρ I l E E B H G G T O P S O E H U r O L H P O N L O 
CGACCCCATTArTGAGGAGCGGCACGCCGGCTACCAGCCCAGTCATGAGCACAAGACCGACCTCAACCCAGACAACCTGCAGgtgcggggaetcagggtc +900 
G G D D L D P H T V L S S B 
cgggcgtgctggggagaggggtctcggcgCTCactttggccaccaccTtgtatTcccagGGTGGCCATGACCTGGACCCCAACTACGTGCTGAGCTCGCG +1000 
V R T G R S I H G F C L P P H C S R G E R R A I Ê Î L A V E 
AGTGCGCACAGGCCGCAGCATCCGCGGCTTCTGTCTCCCCCCGCACTGCAGCCGCGGCGAGCGCCGCGCCATCGAGAAGCTGGCAGTAGAAGgtaggggt +1100 
cggBtaacBgccgccagagcTgctgcgcTcttCTctgcgcgcgcgttcccactggggaítgaggtcgaagacccKCttcgcccgcggggacacactgct +1200 
t 
A L S S L O G D L S G R T 
gcaggcggggcggcgggcttgctcgcccgcccacectgtCCttgaactctgcactccgcBgCTCTGTCCAGCCTAGATGGCGACCTGTCTGGCAGGTACT +1300 
T A L K S H T E A E Q U O L I O O H F L F O C P V S P L L L A S G H 
ACGCGCTCAAGAGCâTGACTGAGGCGGAGCAGCAGCAGCTCAFrGACGACCACTTCCTCTTCGATAAGCCTGIGICGCCTCTGCTGCIGiCCTCCGCCAT +1400 
A R D U P O A R G l U 
GGCCCGCGACrGGCCGGATGCTCGTGGCATATGgtacgagccctctccccccccagtccccagaaggtggggcctgccctgMttcctagtttgtgcagt +1S00 
c e t 
gcctccctccgcccaggtgacçttggttctgccgatgactgtggtccttgegctgtgggaggccgcegtctccegggaitcaagggtggtgaccagtctc +1600 
t t tggcgtctgt tc tccgccctcctcctgggegccggcgct tc t tg t t t tc ic tccacct tc tcacccccnat tecgccgggatcgtBccaggtgccaa +1700 
tgacgcaaaagcctccgcaccgïccgggcagggctectaccccTgcagacTgagcgggcggaggcgtgcttcctctagtgggatgctctggaggctccig +1B00 
g 
•ccct tgcgggccacacagcacatgaí tggrgat tgagatglatatgagctgcct tcctccactgt tgctggeat tggcgtct tggtgacagctcacat t +1900 
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H H O Ν ( t F L V U l N E E O H L f t V I S M Q K G G N 
«ttt»cccctcttct«flCCAUWTGACAAIAAMCITTCCTMTGIC«IT*AC«CCAC(UC«CCTGCUACICATCTCCATGCAGAA«GCCCCAAC +2Ί0Ο 
N K E V F T R F C T G L T Q 
«TGAACGAAGTGTTCACCCGATTCTGCACCGGCCTCACTCAGatcageccieBBcattccccaggflcttcctcactaggggcgttggTecTggegeggga +2200 
I E Τ L 
tc»ggggcagatcagagcccacatctcccagggtccgtagggcttccggccaggcttccttctcttaactctcccttctccaccttcagATCGAAACTCT +2300 
f X S C M T E F H U H P H L G T I L T C P S H L G T G L R A G V H 
CT Τ CAAGTCCAAGAAC Τ ATCAGTTCAIG Τ GGAA Τ CCTC ACCTGGGCTACATCC Τ CACAICCCCAICCAACCT GGGCACCGGACTGCGGGCAGGI Gl ДСАС +2400 
ATCAAGCTGCCCCACCTGGGGAAGCACGAGAAGTTCTCGGAGGTGCTCAAGCGGCTGCGGCTTCAGAAGCGAGGCACAGgtgaggggcagaaagcacags +2500 
G G V O T A A V G G V F O 
tgaggggcagaagBtgcaggtgttBtCCtcagccccgctgacctgcccatgtCCceccgcBgGTGGCGTGGACACCGCTGCTGTCGGTGGGGTGTTTGAT +2600 
V S M A O R L G F S E V E L V O M V V O G V Í L L I E И Ε β Й L E 
GTCTCCAACGCTGACCGCCTGGGCITCTCGGAGGTGGAACTCGTGUGATCCTGGTGGACGGAGTGAAACTACTCATTGAGATGGAGCAACGGCTCGAGC +2700 
a c a A I O D L M P A Q K T E B 
AGGGTCAGGCAATCGATGACCTCATGCCGGCCCAGAAGTGAAGCCTGGCCCTCGCCACCATCAGGCTGCCGCTTCCTAACTTATTACCCGGGCAGTGCCC +2800 
GCCATGCATCCnGATGTTTGCCGCCTGGC GCTGAGCCCTTAGCCTCGCTGTAGAGAC1TCTGTCGCCCTGGGTAGAGTTTAITTTTT1GATGGCTAAG +2B99 
CTGTTGCTGACACTGAAAATAAACTAGGGTTTGGCCTGCCctatgrccgaBtgtlgcitctcctttcciaflagacagtgtgtgtgtgtgtgtgtgtatgt +2999 
g t g t g cgcgagctggccTtctgtgtcatctcacctagcagaigaaacatgagccatagaagatKagggcagagagggagegaggctcig +3089 
t g t g t g t g t g с 
agtccagccttgagcatctaaggacatctgtgcttgcagggtgBagccTiagTgtTtccttagtcccagc +3159 
FIG 1 Nucleotide sequences of murine Functional С К В genes The complete nucleotide sequence of mouse strain CBA derived С К В gene 
was determined as described under Materials and Methods DNA sequences corresponding το e ions are shown in capital letters The positions 
of the eight е ю п and the position of the leftmost transcriptional start point (designated -+-1) of the mouse С К В gene have been inferred from 
comparison to the sequences of the complete rat and human genes The amino acid sequence of the mouse protein is depicted above the exon 
sequences in one letter symbols T T A A ( - 2 2 -19) TATA ( 59 -56) CAAT (-46 - 4 3 a n d - 7 6 -73) (Benfield et ai 1988 M a n m a n et ai 
1989) bo íes as well as the poly(A) addition signal are underlined (solid lines) The nucleotide sequence of the mouse strain 129/SvE derived 
С К В locus wae analyzed partially and is given below the corresponding sequence of the mouse strain CBA derived С К В gene Identical 
nucleotides with the strain CBA С К В gene are denoted by dashes and deletions by X In addition the DNA sequence of a mouse strain 
C57BL/6J denved partial СКВ cDNA clone (Papenbrock and Wille 1986) is presented below the 129/SvE С К В gene sequences C57BL/6J 
derived nucleotides identical with the CBA sequence are denoted by ' deletions by X 
СКВ gene is nearly identical in both size and exon-in- spond with mouse СКВ gene positions -910 to -850 and 
tron organization to that of its rat and human counter- -490 to -445 (see Fig 1) is striking (Benfield et al, 
part The sequence alignment shows that the overall 1988, Manman et ai, 1989, Manman and Wieringa, 
exon homology with the rat and human СКВ sequence is 1991) and may have biological significance Also, as no 
94 and 87%, respectively The nucleotide organization in data from in vitro studies involving mutagenesis of these 
the putative promoter region (nucleotide positions —150 segments are available, the relevance of this observation 
to -Ы) of the mouse СКВ gene displays two CAAT mo- remains elusive No further conspicuous sequence ele 
tifs each of which is followed by one TATA-hke se- ments were found except for a simple A-nch [AAAC]„ 
quence element, a situation exactly identical to that in repeat in the upstream 5 region starting at position 
the rat and the human СКВ gene (Benfield et al, 1988, —1223 and a more common simple [TG]„ di nucleotide 
Manman and Wieringa, 1991) As in humans the down sequence motif at position +2976 in the 3 flanking seg 
stream TTAA motif is involved in directing the tran- ment 
scnptional start point (tsp) (Manman and Wieringa, 
1991), we have somewhat arb.tranly get the tap of mouse
 V a r l a b l l l t y of t h e V S S M m t h e C K B G e n e L o c u t 
(position +1) at a cognate position in the sequence 
shown in Fig 1 Clearly, this assignment still must be Recently, several reports have described length poly· 
verified experimentally Thus far, studies involving the morphisms of simple repeats, also termed VSSM or mi 
functional dissection of the more upstream promoter crosatelhtes, in several species (Weber and May, 1988, 
areas of rat and human СКВ genes have not yielded Smeets et al, 1989, Love et al, 1990) We therefore ana 
evidence for presence of further transcription regulatory lyzed the 3 [TG]„ SSM for polymorphisms in five differ 
elements Yet, the extremely high conservation between ent inbred strains of mice The strategy used was based 
mouse, rat, and human of DNA stretches that corre- on PCR amplification ofthe repetitive locus, followed by 
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FIG. 2. Analysis of the VSSM variability in the С К В gene locus. (A) Haelll restriction map of the PCR-amplified segment containing the 
VSSM flanking the 3' end of the gene. The position numbers of the Haelll restriction sites correspond to the nucleotide positions shown in Fig. 
1. H. Haelll. (B) Acrylamide gel electrophoresis of ЯаеІІІ-digested PCR products of different inbred strains of mice. λ-CKB denotes the λ Fix II 
clone containing the functional murine СКВ gene. Bars denote the positions of DNA marker fragments (Sau3A-digested pGEM3 plasmid 
DNA). A. B, C. D. and E mark the positions of the P C R products as shown in the restriction map above. D marks the position of the allelic size 
variant of fragment D. 
Haelll digestion of the resulting product to optimize the 
detection of microsatellite size variation. A schematic 
representation of the PCR-amplified product and the 
Haelll fragment lengths, as expected from sequence 
data (Fig. 1), is depicted in Fig. 2A. The experiment 
shown in Fig. 2B indeed yielded the expected four con­
stant length fragments and, in addition, one strain-spe­
cific variable length Haelll fragment containing the 
[TG) motif. This variable fragment occurs in two allelic 
forms, one shared by mouse strains CBA and DBA/2 
and another shared by strains C57BL/6, BALB/c, 
and 129/SvE. Comparative DNA sequence analysis 
confirmed the observed [TG]-motif length variation. 
The pertinent microsatellite DNA sequences read 
[TG]9TA[TG]4 and [TG]7TATGTA[TG]9 in the former 
and latter group of mouse strains, respectively. The 
[TG]-repeat length difference between mouse strains 
C57BL/6 and CBA also enabled us to identify in retro­
spective the origin of the functional СКВ gene shown in 
Fig. 1, which was derived from the CBA x C57BL/6 li­
brary. PCR analysis on the original СКВ positive 
phages revealed a variable length Haelll fragment corre­
sponding to the smaller sized motif; therefore, we con­
clude that the cloned and completely sequenced СКВ 
gene originated from mouse inbred strain CBA. 
The characterized strain-specific CKB-microsatellite 
polymorphism can serve as a genetic landmark and can 
be instrumental in refining the map of the area spanning 
the Aat, fos, and Igh-C/V loci that belong to a syntenic 
group of genes found on distal mouse chromosome 12, 
rat chromosome 6, and distal human chromosome 14q. 
The distance between СКВ and the Igh-C locus in 
mouse is set at 0.9 cM (Cho et ai, 1991 ) and both loci are 
closely linked distal to the situs inversus viscerum (iv) 
mutation (Brueckner et al.. 1989; Hanzlik et ai, 1990). 
Our data and the phage containing the functional СКВ 
gene including several kilobasepairs of upstream and 
downstream sequences might therefore be useful in fur­
ther approaching this developmental relevant gene. 
Dishomology between Functional СКВ Genes 
of Inbred Strains 
As the two groups of inbred mouse strains mentioned 
above also display EcoRI restriction fragment length 
polymorphism on genomic Southern blots probed with 
part of the murine СКВ intron 5 (data not shown; and 
see Cho et ai, 1991) we decided to study the extent of 
dishomology between both groups of inbred strains more 
precisely. To this end, we isolated and partially se­
quenced the СКВ gene locus of mouse strain 129/SvE 
and performed comparative sequence analysis with the 
strain CBA-derived СКВ gene. Mouse strain 129/SvE 
was chosen for two reasons. First, it represents the group 
of inbred strains that yielded PCR and Southern blot 
signals different from the group of strains to which CBA 
belongs and may therefore be maximally divergent. Fur­
thermore, as we are ultimately interested in functional 
studies involving the use of homologous DNA targeting 
in embryonic stem (ES) cells of mice to knock out or 
modulate СКВ activity in vivo (see Deursen van et ai, 
1991), 129/Sv is a logical choice because most ES cell 
lines presently available are derived from this strain. 
Our initial restriction mapping data suggested a high 
degree of divergence between the sequences of CBA and 
129 genes. As indicated in Fig. 1, the extent of divergence 
as determined by sequencing is approximately 0.5%. 
Next to a 6-bp insertion observed in the upstream A-rich 
repetitive element, the sequences are at variance in sev­
eral positions throughout the entire sequence and nota­
bly in the fifth intron and the 3 ' untranslated segment. 
The existence of considerable dishomology between dif-
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ferent inbred strains of mice is further corroborated by 
alignment of the CBA and 129 sequences with the mouse 
strain C57BL/6-denved СКВ cDNA 3 end sequence as 
published b> Papenbrock and Wille (1986) 
The implications the observed strain specific varia­
tions may have for gene targeting of the СКВ gene in 
embrvomc stem cells (Cappechi, 1989) are interesting It 
has been reported that the frequencv of mtrachromoso-
mal homologous recombination is determined by the 
amount of uninterrupted homology available between 
recombination substrates rather than by the total num­
ber of mismatches (Waldman and Liskay, 1988) Fur­
thermore, [TGJ-repetitive elements, such as the motif at 
the 3 end of the СКВ gene, stimulate homologous recom­
bination between two plasmid substrates in human cul­
tured cells (Wahls et al, 1990) It is therefore feasible 
that sequence variations between СКВ alleles may influ­
ence the frequency of gene targeting In initial experi­
ments involving the inactivation of СКВ alleles via tar­
geted insertion of a neo' marker in 129/SvE-denved ES 
cells we have indeed found an increase in targeting fre­
quency using knock-out constructs derived from the 
fully homologous 129 СКВ DNA No homologous recom­
bination events in 1328 neo' ES colonies for CBA-der-
íved constructs could be detected, whereas a frequency 
of 2-3 correct events in several series of 100 colonies 
each was observed for 129/SvE derived constructs 
(Deursen van et al, to be reported elsewhere) Although 
these are only preliminary observations they might re-
flect a general impact of gene sequence divergence be-
tween mice strains on gene targeting frequencies There-
fore, general attention should be paid to the extent of 
divergence, and targeting substrates constructed from 
129/SvE DNA may prove to be most powerful in at-
tempting to inactivate or mutate genes in ES cells 
Isolation and Characterization of the Mouse СКВ 
Pseudogene·: 
In our Southern blot analysis, mouse strain BALB/c 
gave the most complex pattern of СКВ cross hybridiz­
ing signals when probed with a 331-bp human СКВ 
cDNA fragment that displays a high sequence homology 
to all mammalian СКВ and CKM gene sequences 
(Manman et al, 1987) In the PCR experiment with 
exon 7 and exon 8 primers (discussed above) we observed 
a high abundancy of fragments that lacked intron se­
quences, in keeping with the expectation that many of 
these signals represent processed pseudogenes To fur­
ther characterize these elements we screened a genomic 
EMBL3 phage library of partially Sau3A-cleaved 
BALB/c genomic DNA with the human СКВ cDNA 
probe Analysis of a total of 10 CK positive plaques at 
high stringency of hybridization resulted in the identifi­
cation of three distinct classes of phage carrying differ­
ent genomic regions with high homology to the human 
СКВ In addition, several CKM phage, but no phage 
carrying the functional СКВ gene, were found in this 
library The nucleotide sequence of the three different 
СКВ homologous regions as determined from one repre­
sentative of each class is shown in Fig 3 All three se­
quences possess features that are highly characteristic 
for processed pseudogenes, namely (ι) the absence of in­
tervening sequences and a promoter region and (n) the 
presence of a poly(A) tract shortly downstream of the 
polyadenylation signal (Vanin, 1984) One pseudogene, 
PI, is lacking a poly(A) sequence due to a large deletion 
at its 3 end As cloning artifacts for this clone are highly 
unlikely, we surmise that this deletion might have oc­
curred during the process of chromosomal integration of 
the reverse transcribed pseudogene precursor or, alterna­
tively, it might be due to some kind of recombination 
event after chromosomal integration Pseudogenes PI 
and P2 extend approximately to the position where the 
putative tsp of both the human (Manman and Wiennga, 
1991) and rat (Benfield et al, 1988) СКВ gene is located 
The ultimate 5 end of P3 could not be determined as this 
region was rearranged during library construction All 
three pseudogenes contain multiple genetic lesions in­
cluding insertions and deletions as well as nucleotide 
substitutions resulting in in-frame termination codons 
in keeping with their biological inactive status Direct 
repeats flanking the integrated segments were not ob­
served 
Evolutionary History of the СКВ Family 
To studv the molecular phylogeny of the murine СКВ 
gene family an alignment was made of the mouse, rat, 
and human СКВ genes and the three pseudogenes iso­
lated (Fig 3) For the region corresponding to exon se­
quences of the functional СКВ genes pairwise homolo 
gies were calculated (Table 1) Since the divergence of 
rodents and primates took place some 65 million years 
(Myr) ago (Benton, 1990), the average nucleotide substi­
tution rate of the functional СКВ genes appears to be 
around 1 X 10~9 substitutions per site per year (ssy) in 
mammals Using the pairwise homologies of the three 
pseudogenes versus the murine СКВ gene and assuming 
a neutral mutation rate of 6 5 X 10~9 esy in rodent lin­
eages (Li et al, 1987), the ages of the individual pseudo 
genes PI, P2, and P3 can be calculated to amount to 15, 
12, and 6 5 Myr, respectively An inspection of the 
flanking regions of the pseudogenes did not reveal any 
significant homology, thus confirming that PI , P2, and 
P3 result from three independent CKB-cDNA integra­
tion events 
In humans, only a single СКВ pseudogene, in­
terrupted by a conspicuous clustering of Alu sequences, 
has been identified (Ma et al, 1991) For this gene it was 
reported that it evolved approximately 90 Myr ago, long 
before the radiation of rodents and primates Pairwise 
comparison of P l , P2, and P3 with the human pseudo-
gene, which is on chromosome 16p, suggested that there 
is no direct evolutionary link between the human СКВ 
pseudogene and the three mouse pseudogenes (Table 1) 
Moreover, assuming a neutral mutation rate of 3 X 10~9 
ssy for primate sequences (Li et al, 1987) the sequence 
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C C e c g K « C 9 C C C C t t M f l » 9 C t C a 9 9 f l « f l c a 0 C 0 * G U C C C G 1 C G T T C T T C T C C C C T G C C C C A G G A 6 C 1 G C A A G U U G C C A T C U T C C C C C C T C C T T C HB 
a t a c a a t g a t g t a t t a c t c a e a c a t t a a a a a t g A g a A T C T T Α τ CT PI 
tttaaagcaacggacacattcaaaaggacgaMctg ACT TACA CATCCAA AATATTTC A A I С Р2 
РЗ 
cggcgacgcgcccctta*geflctcaggg*gcagcga G С A CT TG TT С ЙВ 
c c g c g c t g t g c c c c t t a a g a g c c g c g g g a g c g c g g a G CT CC TC Τ G CGA GG с G с С CC H I 
ΕΚΟΝ 1XEKON 2 
G1CCGGCAICCCCC CCCCTCCCCCCCCCATCCCCTTCTCCAACACCCATAATACGCAGAAGCTCCGCTTCCCGGCCGACCATGACTTCCCTCAT HS 
Τ CT Τ A AT Τ С Α Τ ACT A Pt 
A TG Τ Τ G Τ Γ C T A G Ρ2 
/ РЗ 
λ CTGCCG С C C Α ββ 
CG С CCCCCG С С CG A T С С С HB 
CTCAGCACCCACAACAACCATATGGCCAAGGTGCTGACCCCGUGCTGTACGCCGAGCTCCGTGCCAAGTGCACGC С HB 
Τ A TGAGCTCCÇTCCCAAGTGCACAC P I 
GC С С G G С A HB 
ΕΧΟΝ 21 [ΕΧΟΝ 3 
CAGCGCCTTTACTTTCGACGACGCCATTCAGACTGGCGTAGACAATCCGGGCC AC C C G T A C A T C A T G A C T G T G G G T G C A G T G G C C G G C G A C G A G G A HB 
A A G Τ T T A G . A G A A A A P1 
Τ A A A A Τ ?2 
A Д А Р ] 
G С A RB 
C G C Т С А С С С СТСС HB 
UGTTACGACGTATTCUGÎUCCTCTTCUCCCCATTATTUGGAGCGGUCGCÎGGCTACCAGCCCAGTUTUGCACAAUCCCACCTCAACCCAGAC HB 
GC Τ Τ Α Α Τ Α CA P1 
Τ С Ρ2 
A A РЗ 
Τ С С С Τ R8 
ГСС A G Τ С С С А С С HS 
ΕΧΟΝ 3 ) (ЕХОМ 4 
AACCTGCAGGGTGGCGATGACCTGGACCCCAACTACGTGCTGAGCTCGCGAGTGCGCACAGGCCGCAGCATCCGCGGCTTCIGTCT CCCCCCGC HB 
C T G Τ С AG A A T C T T T P I 
A C C A A Τ AG Τ Τ С Τ С Τ Ρ2 
A TTG С G TACAC С ζ РЗ 
С G А С Τ RB 
C C G G Τ С HB 
ΕΧΟΝ 4 ] [ E X O H S 
ACTGCAGCCGCGCGGAGCGCCGCGCCATCGAGAA GCTGGCAGTAGAACCTCTGTCCAGCCTAGAIGCCGACCTGÏCTGG HB 
AAC Τ CC С A T T PI 
CTCCC Τ Α Λ Α Α Τ Α Τ ~A A G P2 
GCTCCCCCACCCCACCCCCT РЗ 
I С RB 
A C G G C G C G G HB 
CACGrACTACCCGCTCAAGAGCATGACTGAGGCGGAGCAGCACCAGCTCATTGACGACCACTTCCTCTTCGATAAGCCTGTGTCGCCTCTGCTGCTGGCC Ηθ 
T A AT Τ C A С G PI 
Τ A A A A C P2 
Τ Τ А С С Τ РЗ 
Τ С CG С BB 
C A G С C C C H B 
EXDN 5) [ΕΧΟΝ & 
TCCGGCATGGCCCGCGACTGGCCGGATGCTCGTGG CATATGGCACAATGACAATAAGACTTTCCTGGTGTGUTTAACGAGGAGCACCACCTGCGAGTC HB 
A T T C A С Τ A G PI 
A A A CT G С G P 2 
A Τ CT 5 С G РЗ 
CG C T G С G Τ RB 
G С С С С Τ С С G C G HB 
ΕΧΟΝ 6 ] [ΕΧΟΝ 7 
ATCTCCATGCAGAAGGGG GGCAACATGAAGGAAGTGTTCACCCGATTCTGCACCGGCCTCACTCAGATCGAAACTCTCTTCAAGTCCAAGAACT MB 
TGGGGG А С PI 
ATGAGTTCATGTGUAATCCTCACCTUGCTACATCCTCACATGCCCATCCAACCTGGGCACCGGACTGCCGGCAGGTGTACACATCAAGCTGCCCCACCT HB 
С С G G Τ А 
ΕΧΟΝ П [ΕΧΟΝ 8 
GMC^AC^kCMCUAÛITCICC^GGTGCTDUGCCGCTGCGGCTTCAGAAGCtUGGOlCAGGTGGCGTGGACACCGCTCCIGTCGGTGCGGTGTTTGAT 
A A A C A A A I A T C T 
T A A CT A 
Τ T T C 
A A Τ G A Τ 
GTCTCCAACGCTGACCGCCTGGGCTTCTCGGAGGTGCAACTGGTGCAGATGGTGGTGGACGGAGTGAAACTACTCATTGAGATGGAGCAACGGCTCGAGC HB 
P2 
P3 
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AGGGKAGGCAATCGATGACCTCATGCCGGCCCAGAAGTGAAGCCTGGCCCTCGCCAC CATCAGGC TGCCGCTTCCTAACTTATTACCCGGGCAGTGC HB 
C C C Τ A С A A CGA С С Ç Τ C T 
CCGCCATGCATCCTTGATGTTTGCCGCCTGGCG CTGAGCCCTTAGCCTCGCTGTAGAGACTTCTGTCGCCCTGGGTAGAGTTTA TTTTTTTGATGGCT 
P2 
P3 
С с 
τ 
ΕΧΟΝ β] 
AAGCTGTTGCTGACACTGAAAATAAACTAGGG TTTGGCCTGCCctatgtccgagtgttgcttctcctttcctagagacagtgtgtgtgtg *ß 
gccggcatgaggtcgtcgattgcctgaccctgctcgaaccgctgctc PI 
С cccccccaaaaaaaagaacatcatgaagTttgccagcaaaaggatat П 
ctaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaagttgttgctetta П 
А - Τ etatgtctgagtgttgcttctcctttcttagagacagtcgtgtgtgt RB 
A AC TG τ tgcgtctgagtggtgcctctcctttcccaggggggagggggaagggc HB 
FIG. 3. Comparative nucleotide sequence analysis of the coding and the 5' and 3' flanking noncoding regions of the mouse (MB), the rat (RB; 
Benfield et al.. 1988), and the human (HB; Mariman et αί.. 1987.1989) С К В genes and the three processed pseudogenes ( P I , P2. and P3). Only 
nucleotide differences with the mouse С К В gene are shown for the processed pseudogenes the rat and human СКВ genes. Exon sequences are 
denoted by capital letters and the positions of the eight exons are marked within brackets above the murine СКВ gene. Deletions of nucleotides 
relative to the mouse С К В are indicated by dashes, and inserted nucleotides are underlined. The slash marks the Sau3A site demarcating the 
end of the EMBL3 phage insert of P3. The 160-bp DN A stretch indicated between two arrows is the P3-specific SauSA fragment used as a probe 
to determine С К В pseudogene patterns in different inbred strains of mice (see Fig. 4). 
homology between the human pseudogene and func­
tional СКВ gene (Table 1) points to an integration event 
some 54 Myr ago, indicating an independent origin for 
the human pseudogene in the primate lineage. 
Whatever the sequence of events, the existence of mul­
tiple processed СКВ pseudogenes in the mouse genome 
can be accounted for by the fact that СКВ mRNA and 
protein is highly expressed during the very early stages 
of embryonic development (including ES cells; Deursen 
van et ai, 1991), a phase at which also the most promi­
nent levels of reverse transcriptase activity are observed 
(Vanin, 1984). 
СКВ Pseudogene Variability between Different Mouse 
Strains 
Southern blot analysis of Sau3A-digested DNAs from 
BALB/c, C57BL/6, 129/SvE, CBA, and DBA/2 mice 
TABLE 1 
Pairwise Divergence Analysis of Members 
of the СКВ Gene Family 
provided further evidence for the high variability among 
СКВ pseudogenes and the genealogical differences be­
tween mouse strains. Most significant, differences can 
be demonstrated with a probe consisting of a 160-bp 
SauZK fragment from pseudogene P3 (Fig. 3). In addi­
tion to the 160-bp Sau3A fragment diagnostic for P3, 
this probe detects 648-, 852-, and 1082-bp Sau3A frag­
ments diagnostic for PI, P2, and the functional СКВ 
gene, respectively. As shown in Fig. 4, P I and P3 are 
present in all inbred strains analyzed, whereas P2 is only 
detectable in strain BALB/c from which it was cloned. 
In addition, the probe also detects three new signals, 
none of which occurs in all inbred strains. Most likely, 
therefore, these bands represent allelic pseudogene vari­
ants or additional novel pseudogenes and have no rela-
<* ¡(Ч 
φ «F σ ö <? 
MB 
ΓΙ 
P2 
pa 
RR 
HR 
H P 
MB 
0.113 
0.090 
0.049 
0.062 
0.129 
0285 
P I 
88.7 
— 
0.165 
0.124 
0.153 
0.227 
Ü.389 
P2 
91 0 
83.5 
— 
0.088 
0.120 
0.184 
0.337 
P3 
95.1 
87 6 
91 2 
— 0.078 
0.135 
0.289 
RB 
938 
84 7 
88.0 
92.2 
— 
0.127 
0.277 
HB 
87.) 
77.3 
81 6 
86.5 
87 3 
— 
0.214 
HP 
71.5 
61.1 
66.3 
71.1 
72.3 
78 6 
— 
MB 
vi 
PI 
Note The values of nucleotide substitutions per site are depicted 
below the diagonal the percentages homology above the diagonal. Di-
vergence values were derived from the exon sequences, except for the 
5' truncated P3 and the 3' truncated P i , where the maximum number 
of exon sites were used. Deletions and insertions were counted as one 
nucleotide substitution. Values were corrected for multiple hits ac-
cording to the method of Jukes and Cantor (1969). MB, murine С К В 
gene; P i , murine С К В pseudogene P i ; P2, murine С К В pseudogene 
P2; P3, murine С К В pseudogene P3; RB, rat С К В gene; HB, human 
С К В gene; H P , human С К В pseudogene. 
FIG. 4. Southern blot analysis of С К В pseudogenes in five differ­
ent mouse inbred strains. Strains are indicated above each lane. λ-Ρΐ, 
λ-Ρ2, and λ-РЗ denote the lanes containing Sau3A-digested EMBL3 
phage DNA specific for СКВ pseudogenes 1, 2, and 3, respectively. 
Bars indicate the positions of Sau3 A -digested pGEM3 plasmid DNA 
marker fragments. MB, P i , P2, and P3 mark the positions of frag­
ments corresponding to the functional mouse СКВ gene, pseudogene 
P i , pseudogene P2, and pseudogene P3, respectively. Additional pseu­
dogenes are denoted by *. 
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tion to functional members of the CK gene family. Addi­
tional cloning and DNA sequencing will be necessary to 
establish their nature. Earlier, Cho et al. (1991) have 
used our human СКВ probe to define five genetic CK 
loci designated CK-1 on mouse chromosome 4, CK-2 on 
distal chromosome 17, CK-3 (the functional СКВ gene) 
on chromosome 12, CK-4 on chromosome 16, and CK-5 
on chromosome 11. These authors speculate that CK-1 
and CK-5 may indeed be pseudogenes because of their 
absence in some of the strains of mice investigated. Com­
parison of £coRI-specific patterns on Southern blots 
may elucidate whether these pseudogenes correspond to 
members of the BALB/c pseudogene family presented in 
this paper. To provide the basis for such a study, we have 
isolated distinct probes for Southern blot analysis of 
each of the four different СКВ loci described in this 
paper, namely a 266-bp EcoRl-Pstl band from the ex­
pressed СКВ gene, a 264-bp Sacl fragment from PI, a 
186-bp tfmdIII-EcoRI fragment from P2, and a 306-bp 
Xhol fragment from P3. Under rather stringent hybrid­
ization conditions, these probes yield unique single-copy 
signals for each of the four СКВ loci in BamHI cleaved 
genomic BALB/c DNA (results not shown; probes and 
additional data available upon request). 
In conclusion, we have isolated sevtral members of the 
murine СКВ gene family and typed several strain-spe­
cific sequence differences. Our typing data could form a 
valuable asset to the completion of the consensus link­
age gene map of mice. As not only the sequences but also 
the content of СКВ pseudogenes is highly different in 
various mouse strains, the probes specific for any of the 
four loci described can be applied in both conventional 
and interspecific backcross analysis (for review see 
Avner et α/., 1988) and also in the analysis of recombi­
nant inbred strains (Taylor, 1989). Furthermore, as we 
now know that in mice, like in other mammals, there is 
only one functional СКВ gene, our data form a solid 
starting basis for further studies into the biological sig­
nificance of CKs using reversed genetics methodology. 
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Chapter 3 
Targeted Disruption of the Creatine Kinase В gene in Mouse 
Embryonic Stem Cells Using an Isogenic DNA Construct 
The results presented in this chapter are described in a review article in The Journal of 
Molecular and Cellular Biochemistry (in press) entitled. "Approaching the multifaceted nature 
of energy metabolism mactivation of the cytosolic creatine kinases via homologous 
recombination in mouse embryonic stem cells" 
by Jan van Deursen and Bé Wieringa 

Summary 
To study the physiological role of the creatine kinase/phosphocreatine (CK/PCr) 
system in the bioenergetics of cells and tissues with high and fluctuating energy 
demands, we have concentrated on the inactivation of the creatine kinase (CK) 
genes encoding the B- and M-CK protein subunits. Here we describe the 
disruption of the B-CK gene by homologous recombination in embryonic stem 
(ES) cells using the isogenic targeting construct pRV7.0. Highly chimeric animals 
were obtained from two mutant ES cell lines. These chimeric animals failed to 
transmit the ES cell derived genotype to their offspring, even though they 
thrived well and had no overt abnormalities. 
Introduction 
Tissues and cells that require large amounts of energy in a fluctuating manner 
contain high levels of PCr and CK isoenzymes. The CK/PCr system has therefore 
been proposed to play a pivotal role in the energy metabolism of such cells and 
tissues. The t w o major functions assigned to the system have been termed 
spatial and temporal buffering to discriminate between their energy transport 
and energy buffering effects (see Wallimann et al., 1992). So far, these 
functions are hypothetical since critical in vivo tests have not been performed 
as yet. 
In mammals, three dimeric cytosolic isoforms, BB-, BM-, MM-CK, and two 
octameric mitochondrial isoforms, ubiquitous and sarcomeric Mi-CK, are known 
to exist (Eppenberger et al., 1967, Jacobus and Lehnnger, 1973; Haas and 
Strauss, 1 990). The four distinct subunits of these CK isoenzymes are encoded 
by separate genes, namely the B-CK (Daouk et al., 1 988), the M-CK (Jaynes et 
al., 1986), the ubiquitous Mi-CK and the sarcomeric Mi-CK gene (Haas and 
Strauss, 1 990; Klein et al , 1 991 ), which are expressed in a tissue-specific and 
developmental^ controlled way (see Wallimann et al., 1992). M-CK and 
sarcomeric Mi-CK protein subunits are spatially restricted to muscular tissues, 
while the combination of B-CK and ubiquitous Mi-CK is much more widespread 
High levels of BB-CK homodimers are found for example in ES cells and the early 
stages of embryogenesis, in neurons and other cell types of the central nervous 
system, retina, heart, the thick ascending loop of Henle, osteoclasts, uterus and 
spermatozoa (Wallimann et al., 1992 and references therein). Moderate CK 
activity is also observed in several tumours, adipose tissue, and white blood 
cells, while minimal BB-CK activity is documented in many other tissues and 
cells. The regulation of B-CK expression, which has extensively been studied 
over the past decennium, is very complex. Not only are transcriptional and 
71 
translational factors involved in its expression, the modulation of enzymatic 
activity by protein modification (phosphorylation) and non-covalent protein and 
membrane associations also play a role (Cande, 1 983; Kaye et al., 1 986, Daouk 
et al., 1988; Sornjen et al., 1989, Ch'ng et al., 1990, Chida et al., 1990). 
Unfortunately, the cloning and characterization of the ubiquitous Mi-CK gene 
has only recently been completed and therefore relatively few data on the 
factors involved in its regulation are available to date The level of ubiquitous 
Mi-CK is always relatively low compared to that of BB-CK. 
A powerful approach for studying the significance of individual CK 
isoenzymes in their natural context is to generate CK-knock-out mice via 
targeted recombination in mouse ES cells (Smithies et al , 1985, Thomas and 
Capecchi, 1987; for reviews see Capecchi, 1989, Joyner, 1 9 9 1 , Rossant, 
1991) The simplest way to rule out the entire CK/PCr system involves 
functional disruption of the B-CK or the M-CK gene, as this wil l , in theory, block 
the CK catalyzed transfer of energy from PCr to ATP Inactivation of the Mi-CK 
genes will cut PCr production via the mitochondrial route, but PCr synthesis via 
cytosolic CK associated with compartments of glycolytic activity or solubilized 
in the sarcoplasm would still continue. 
To enable inactivation of the B-CK and the M-CK gene by targeted 
mutagenesis, we first had to isolate the pertinent DNA sequences from mouse 
genomic DNA phage libraries (van Deursen et al , 1 992) An initial attempt to 
target the B-CK gene in ES cells derived from inbred strain 129Sv/E using a 
CBA-denved replacement-type of targeting vector was unsuccessful, most likely 
because of DNA heterologies between the incoming DNA and the target locus 
(van Deursen et al , 1992, van Deursen and Wiennga, 1992). Here we report 
on a successful gene targeting experiment in which we used an isogenic 
targeting construct Unfortunately, the chimeras derived from our targeted AB-1 
ES cell lines did not transmit the ES-cell genotype to their offspring. 
Results 
Targeting of the B-CK gene in AB-1 Cells 
The chromosomal structure of the mouse B-CK gene is illustrated in Figure 1. 
To disrupt the B-CK gene, replacement vector 129-pRV7 0 was constructed. It 
includes a pMCIneo cassette (Thomas and Capecchi, 1987) flanked by 4.5 kb 
of 5' homology and 2 5 kb of 3' homology to the endogenous B-CK gene To 
allow selection against random integration, a herpes simplex virus thymidine 
kinase (hsv-tk) gene driven by the MC1 promoter was added to the 3 ' end of 
the construct If the appropriate targeting event takes place, the B-CK gene will 
be disrupted because part of introns 1 and 2 and exon 2 (containing the ATG 
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translation start codon) will be replaced by the neor gene. 5' linearized DNA was 
electroporated into AB-1 cells followed by double selection in the presence of 
the drugs G418 and FIAU. A small number of transfected cells was selected 
exclusively wi th G418 to assess the enrichment factor of negative selection. We 
estimate that FIAU treatment yielded an approximately 3-fold enrichment for 
correctly targeted clones. 
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Figure 1. Disruption of the B-CK Gene Using 129-pRV7.0. A) The structure of the B-CK locus 
in the 129Sv/E mouse inbred strain. B) Targeting vector 129-pRV7.0. C) The predicted 
structure of the B-CK locus after targeted mutagenesis. D) Southern blot analysis of Xbal/Xhol 
doubly cleaved genomic DNAs from twenty randomly chosen ES cell clones which were 
transfected with the 129-pRV7.0 vector DNA. Targeted mutagenesis had occurred in one of 
these clones (diagnostic 6.5 kbp fragment in lane 12). The anticipated sizes of Xbal/Xhol or 
Kpnl restriction fragments are given to the right. 
DNAs of 304 doubly resistant transformants were digested with two 
restriction enzymes, Xhol and Xbal, and analysed on Southern blots to identify 
clones carrying a targeted replacement at the B-CK locus Hybridization was 
performed wi th a probe in the 5' end of the B-CK gene, a chromosomal region 
that was not included in the targeting vector With this probe, homologous 
recombinants were expected to show both the wild-type 12 0 kilobase pair 
(kbp) Xbal fragment as well as a mutant 6 5 kbp Xbal/Xhol fragment The 
analysis revealed that 1 1 AB-1 clones contained the replacement of one wild-
type allele by the mutant incoming DNA An example of the Southern blot 
screenings performed is given in Figure 1 D and shows one of the targeted 
clones (AB-1-295) amongst 19 non-targeted AB-1 ES cell lines 
Production of Chimeras and Screening for Germline Transmission 
Cells of all 1 1 targeted clones were injected into C57BL/6 blastocysts (24-40 
embryos per clone) Injected embryos were transferred to pseudopregnant foster 
mothers The number of offspring per clone was always more than 8 Two 
clones, AB-1 -114 and AB-1 -1 76 yielded chimeras with an ES cell contribution, 
as estimated by the amount of agouti pigment in the coat, ranging from 5 to 
8 5 % The chimeras obtained from the other 9 clones injected generated less 
than 5 0 % agouti coat pigment and were not analysed further To screen for 
germline transmission, 2 male chimeras of clone AB-1-114 ( — 65% and —80% 
agouti) and 4 of AB-1-176 ( - 5 0 % , - 6 5 % - 7 5 % and - 8 5 % agouti) were 
mated to C57BL/6 females until approximately 50 pups were generated from 
each chimaera Unfortunately, none of the litters contained progeny with the ES 
cell-derived agouti pigmentation 
Discussion 
Two main problems that can be encountered in applying gene targeting/ES cell 
technology are (1) a low efficiency of homologous recombination and (2) an 
inability of ES cells to colonize the germline following the gene targeting 
procedure (unpublished data presented at the 1 990 , 1 991 and 1 992 meetings 
on mouse molecular genetics) The first problem can be alleviated if constructs 
are used which are designed for positive and negative selection (Mansour et al , 
1 988) and which contain about 8-12 kbp of isogenic DNA with homology to the 
particular chromosomal target (Deng and Capecchi, 1 992 , te Riele et al., 1 992 , 
van Deursen et al., 1992) The second problem, however, is more difficult to 
overcome since the factors important for maintaining the germline potential of 
ES cells during targeted mutagenesis are not completely understood at this 
moment The choice of the parental ES cell line is very important (Koller et al , 
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1 989). At the time this experiment was started, AB-1 ES cells cultured on SNL 
feeder layers seemed to be very promising, as ES cell clones with a disrupted 
Wnt-1 gene displayed a very high contribution to the germline (McMahon and 
Bradley, 1990). The parental AB-1 cells cultured on the same feeders in our 
laboratory (4-5 passages) gave rise to germline chimeras too, but at a markedly 
lower frequency (1 out of 1 2 chimeras). Similar findings have been obtained by 
other laboratories using AB-1 ES cells (P. Mombaerts; A. Plump; R. Lovell-
Badge; personal communications). This reduced germline potential could be due 
to small alterations in the culture conditions or ES cell handling. In addition to 
this, the expression level of the neo'gene at the mutant B-CK gene might be 
around the threshold level required for drug resistance, which may have induced 
ES cell stress during the period of drug selection. Together, the reduced quality 
of the parental AB-1 cells and the possible ES cell trauma during selection 
procedure may explain why all 11 mutant clones lacked germline potential. 
ES cells and early embryos contain high levels of BB-CK and the disruption 
of one B-CK allele may have resulted in a reduction of B-CK expression. If this 
indeed is the case, then it is conceivable that the decline of BB-CK may have 
affected the differentiation of mutant ES cells into certain cell types, including 
germ cells. This could also explain the absence of germline potential in our 
chimeras tested. 
Nowadays, several alternative parental ES cell lines wi th germline 
potential are available. Future experiments will first concentrate on testing some 
of these lines for their germline potential after handling them in our laboratory. 
Suitable ES cell lines can then be used to repeat the targeting experiment wi th 
129-pRV7.0. It could also be helpful to construct an isogenic replacement 
vector wi th the hygromycin В resistance gene as a positively selectable marker 
(van Deursen et al., 1991), because its expression in the mutant B-CK locus 
might provide a better drug resistance to the targeted cells. 
Materials and Methods 
Construction of the Targeting Vector 
Replacement vector 129-pRV7.0 was derived from a 7.4 kbp genomic Hincll-Apal fragment 
spanning all eight exons of the B-CK gene. This segment originated from a mouse inbred strain 
1 29Sv/E genomic DNA library (van Deursen et al., 1 992). A 401 -bp Smal fragment, spanning 
exon 2 and part of introns 1 and 2, was replaced by a 1.2 kbp Smal-Hincll fragment containing 
the neo' gene (van Deursen et al., 1991), such that the promoters of the B-CK gene and the 
selection marker are in an antiparallel orientation. Finally, a 2.0 kbp Hincll-BamHI hsv-tk gene 
cassette (van Deursen and Wiennga, 1992) was cloned into a unique Apal site at the 3' end 
of the B-CK gene fragment (antiparallel to the B-CK). This cassette was used as a negatively 
selectable marker to enrich for homologous recombinants (Mansour et al., 1988). 
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Generation of Targeted ES-Cell Lines and Chimeric Mice 
AB-1 ES cells (mouse strain 129SWE derived) were cultured on feeder layers of irradiated 
SNLH9 cells (van Deursen and Wiennga, 1992). Prior to electroporation 1 29-pRV7.0 DNA was 
linearized with restriction enzyme Hindi. Electroporation was performed as previously described 
(van Deursen and Wiennga, 1992). Electroporated ES cells were plated onto 9 cm culture 
dishes carrying SNLH9 feeder cells. G418 (Gibco) and FIAU (Bristol Meyers) at 250/yg/ml and 
0.2//M, respectively, were added 24 hr after electroporation. Colonies were picked into 24-well 
plates at day 8 or 9 of selection and one half of a semi-confluent well was stored at -80 °C until 
completion of the screening for targeted clones. From the other half of the cells, genomic DNA 
was prepared. This DNA was digested with Xhol and Xbal, DNA fragments were separated on 
a 0.7% agarose gel, transferred to Hybond and hybridized with a 32P-labelled 5' external probe 
(a 300 bp Rsal fragment which is designated as B-CK-5' in Figure 1, see also van Deursen et 
al., 1992). Exposure to X-0 mat film was for 3-5 days at -70 °C. 
Typically, 8-12 ES cells of the targeted clones were injected into the blastocoele cavity 
of C57BL/6 recipient blastocysts. Injected embryos were allowed to recover 30-120 min (37 
°C) before transfer to the uterine horns of pseudopregnant hybrids (CBA χ C57BL/6) at 2.5 days 
post coitus (Bradley, 1987). 
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ABSTRACT 
The cytosolic creatine kinases (CK's; EC 2.7.3.2) BB, 
BM and MM are dimerlc isoenzymes which have an 
important role in energy metabolism and display 
characteristic tissue- and stage-specific patterns of 
expression in mammals. To study the functional role 
of the distribution of the CK isoenzymes we have 
focussed on the modulation of expression of the genes 
encoding the individual В and M subunits, starting at 
the muscle creatine kinase (CKM) gene which is 
transcriptionally inactive during early embryogenesis. 
Using repeated rounds of gene targeting in mouse 
embryonic stem (ES) cells, two types of mutant cell 
lines were obtained. First, we generated a cell line in 
which Insertion of a neomycin resistance (neo1) gene 
had disrupted one of the CKM alleles. Subsequently, 
from this cell line, following introduction of an insertion 
type vector designed for replacement of the muscle 
specific CKM-enhancer by the constrtutlvely acting 
polyoma virus enhancer PyF441, several independent 
doubly targeted clones were Isolated which all had 
insertions in the previously neo-disrupted CKM allele. 
In some of these ES clones, the targeted enhancer 
replacement resulted In gene correction and functional 
activation of the silent CKM gene. Dlmerisatlon 
between the ectopically expressed CKM subunits and 
СКВ subunits which are normally present at high levels 
In ES cells, led to the formation of the BM isoform of 
CK In these clones. 
INTRODUCTION 
Creatine kinases play a pivotal role in the energy metabolism 
of mammalian cells by maintaining appropriate levels of 
intracellular ATP/ADP and creatine phosphate The CK-enzymes 
function by catalysing the end-reactions of the high energy 
phosphate shuttle involved in transport of energy from 
mitochondria to cytosol (1) In mammals, three dimenc 
cytoplasmic CK isoforms, CK-BB, -MB and -MM are known 
to exist (2, 3) These CK-vanants can partition reversibly between 
kmetically distinct soluble and protein or membrane-bound forms, 
with the distribution influenced by energy demand and tissue type 
(1,4) In conjunction with the cytosolic CK's two mitochondrial 
isoforms (Mi-CK's), associated with the exterior surface of the 
inner mitochondrial membrane, are found (S, 6) 
The two distinct B- (for Brain) and M- (for Muscle) subunits 
of the cytosolic CK-dimer isoforms are encoded by two different, 
though strongly related, genes (СКВ and CKM) which are 
positioned at different chromosomal locations in the mammalian 
genome ( 7 - 9 ) The expression of both genes is tissue-specific 
and developmentally controlled by complex regulatory 
mechanisms which lead to characteristic tissue- and stage-specific 
isoform patterns (10, 11) 
In order to obtain a bener understanding of the biological role 
of the cytosolic CK distribution patterns in vivo, we have decided 
to establish cellular and animal models that will enable us to 
modulate the expression of the individual isoenzyme genes in 
a controled fashion Ideally, studies into the role of isoenzyme 
distributions require genetic backgrounds that encode null alleles 
of the genes of interest. Gene targeting by homologous 
recombination in embryonic stem cells recently has been 
established as one of the most powerful genetic methods for gene 
ablation and mutagenesis with accurate control over gene copy 
number and transgene position effects (12-16) We therefore 
descided to use this technology for changing the expression of 
the CK isogenes, starting with the mutagenesis of the CKM gene 
The CKM gene is transcriptionally activated relatively late in 
embryonic development during the process of terminal 
differentiation of myoblasts, in which trans-acting factors like 
MyoD are involved (17) Well characterized cis-regulatory 
enhancer elements are situated around position -1100 and within 
a 900 nucleotide (nt) region of the first intron (El and E2, 
respectively, 18-20) In addition, an AT-nch regulatory segment 
common to both CKM and СКВ genes and located just 
downstream of the El enhancer, has been identified (21) 
We report here on a gene targeting procedure, that enabled 
us to develop ES cells with loss or gain of function mutations 
' To whom correspondence should be addressed 
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in the CKM gene in a consecutive fashion First, gene inactivation 
at one CKM allele was achieved by the introduction of a neor 
cassette which interrupts the body of the gene and replaces the 
segment spanning the translational start site Subsequently, from 
this mutant CKM gene, a new constirutively producing variant 
was derived by introducing an insertion vector which exchanges 
the -1100 enhancer region for the polyoma virus enhancer and 
shifts the normal regulatory elements to a position approximately 
19 kb further upstream The relevance of some conspicuous 
observations m our targeting experiments are discussed 
MATERIALS AND METHODS 
Preparation of targeting vector plasmids 
To construct targeting vector pRV8 5, a 9 0 kilobase pairs (kbp) 
genomic BamHI fragment spanning exons 1 - 5 of the CKM gene 
and derived from a mouse CKM specific recombinant lambda 
phage that originated from a Balb/C genomic DNA library in 
phage EMBL3 (a gift of Drs G Grosveld and D Meyer, Erasmus 
University, Rotterdam) was used as starting material From this 
DNA, a 0 5 kbp ΗιηαΊΠ fragment encompassing part of intron 
1 and exon 2 was removed and replaced by a 1 2 kbp HindHI 
fragment containing a neor cassette This cassette contained a l l 
kbp XhoI/BamHI fragment carrying the neo' gene from plasmid 
pMClneo (22) which, at its 3' end, was provided with a 58 base 
pair (bp) Sau3A fragment that spans the polyadenylation signal 
of plasmid pMClneoPOLA (Stratagene) 
Insertion vector рГ 9 0 was obtained by ligating a 2 0 kbp 
hygroB' cassette to the 5' end (at nucleotide position -808, 
(19)) of the 9 0 kbp BamHI CKM gene-fragment The hygroB' 
cassette consisted of a 1 8 kbp PvuII/Bgin fragment of vector 
рЕС б (23) containing the thymidine kinase (tk) promoter, the 
entire coding sequence of the hygroB' gene, the Ik 
polyadenylation signal and, at the 3' end, a 180 bp EcoRI 
fragment spanning the polyoma mutant enhancer region, 
EPyF441 (24), derived from plasmid pMClNeo (22) AU cloning 
manipulations were according to standard procedures (25) 
Embryonic Stem cells 
The wild-type (wt) male ES cell line ES5, derived from mouse 
stram 129 blastocysts (26) was obtained from Dr С Mummery, 
Hubrecht Laboratory, Utrecht Mouse embryonic CCE stem cells 
(27) were obtained from Dr M Evans, Cambridge UK Cells 
were continuously grown on gelaune coated culture flasks m 60% 
Buffalo rat liver (BRL)-conditioned Dulbecco's Modified Eagle's 
Medium (DMEM) (28) supplied with 20% fetal calf serum 
(FCS) Medium was changed daily and cultures were split every 
3—5 days 
Electroporation and drug selection 
Targeting vector DNA was introduced into ES cells by 
electroporation (TA750 transfection apparatus, Kruss GmbH 
Hamburg, FRG) (29) Batches of 2 5-3 Ox 107ES cells were 
resuspended in 0 4 ml electroporation buffer [0 28 M sucrose, 
1 mM K-phosphate (pH 7 1), 0 5 mM CaCl2 and 0 1 mM 
MgC12] mixed in with 25 jig/ml BamHI (pRV8 5) or EcoRV 
(рГ 9 0) linearized vector DNA The cells were given a single 
pulse (100 /ÍS, 2 5 kV per cm), then allowed to stand at room 
temperature for 20 nun before plating onto 9 cm diameter tissue 
culture petn dishes in 60% BRL-conditioned medium Typically, 
the electroporation conditions resulted in 75—85% survival 
Clonal selection of ES5 cells was started 24 hr later by adding 
medium containing 500 fig/ml of G418 (Gibco/BRL) for the first 
round of mutagenesis For the second round of mutagenesis 200 
/ig/ml of hygromycin В (Boehnnger Mannheim GmBH) was 
used For selection of CCE cells, the drug concentrations were 
reduced to 250 /¿g/ml G418 or 100 μξ/πύ hygromycin B, 
respectively The selective media were changed every 2—3 days 
Ten to fourteen days after transfection individual colonies were 
picked and expanded for DNA preparation and storage 
Southern Blot analysis of genomic DNAs 
Genomic DNAs were prepared from batches of approximately 
1-2X106 ES cells originating from individual drug resistant 
clones Aliquots of approximately 5 /ig of DNA were digested 
with the appropriate restriction enzymes using conditions as 
specified by the manufacturer DNA fragments were resolved 
on 0 8% w/v agarose gels, transferred to Biotrace Tm nylon 
membranes (Gelman Sciences Tm) and hybridized to 32P-dCTP 
(Amersham) labeled probes Probes for CKM, a 900 bp BamHI-
EcoRI fragment spanning exon 6 and part of introns 5 and 6 
(designated CKM-3' probe in Figs 1 and 2), the replaced 500 
bp Hindin fragment spanning the ATG codon (designated CKM-
ATG probe in Fig 2), the neomycin gene, a 900 bp EcoRI-Sall 
fragment derived from pMClneo (22) and the hygromycin gene, 
a 331 bp PstI fragment derived from рЕС б (23), were prepared 
by isolating the appropriate fragments of restriction enzyme 
digested plasmid DNAs after electrophoresis in low-melting 
agarose (Bio-rad) The DNA fragments were labeled by the 
random priming procedure of Feinberg and Vogelstein (30) using 
hexanucleotide primers (Pharmacia LKB Biotechnology) with 
Klenow DNA polymerase in the presence of [a-32P]dCTP 
(Amersham International UK) and the three unlabeled 
triphosphates Blots were hybridized in 0 5 M NaP04 buffer 
containing 7 % w/v SDS and washed at a final concentration of 
40 mM NaPCM, 0 1% SDS at 65 °C Exposure to Kodak X-O 
mat film was for 1 to 3 days at -70°C 
Zymogram typing of CK isoenzymes 
Typing of cytosolic CK isoenzymes in targeted ES cells and 
neuro-muscular tissue extracts was done by electrophoresis 
followed by CK activity staining Briefly, 1 X107 ES ceUs, were 
suspended in 250 μ\ CK-NAC buffer (Boehnnger Mannheim 
GmBH) containing 1 mM Phenylmethylsulfonylfluond (PMSF), 
lysed by three rounds of freeze-thawing and centnfuged at 13000g 
for 2 min Two μΐ cell lysa'e or mouse tissue homogenate was 
applied to a cellulose acetate membrane (Sartonus) and resolved 
by electrophoresis (300 V for 30 min) in Tns-barbital buffer 
pH8 6 (31) The positions of CK activity were vizualized by 
activity staining according to Kanemitsu et al (32) 
RESULTS 
Disruption of the CKM gene in ES cells 
As a first step, a replacement-type targeung vector, pRV8 5, was 
designed to functionally inactivate the mouse CKM gene (22) 
In pRV8 5 DNA, a CKM region of approximately 0 5 kbp 
encompassing part of intron 1 and exon 2 and including the ATG 
translational start codon, was replaced by a 1 2 kbp fragment 
carrying the neo' gene (Figure 1A) BamHI digested pRV8 5 
plasmid DNA was introduced into ES5 cells by electroporation, 
G418 resistant colonies were selected and clonally expanded, and 
genomic DNA was isolated to directly identify homologous 
recombinants by conventional Southern blotting Individual 
82 
genomic DNAs were digested with EcoRI and analysed using 
a CKM specific probe located outside the introduced DNA 
fragment (probe CKM-3' located at the 3' flank of the 9.0 kbp 
gene segment ; fig. 1). With this probe, mutants were expected 
to yield both the wild-type 6.5 kbp fragment between the EcoRI 
sites in introns 1 and 6, as well as a novel 6.7 kbp fragment 
flanked by EcoRI sites inside the neo' cassette and in intron 6. 
This mutant 6.7 kbp fragment was also expected to hybridize 
with the neo probe. Using these signals as a diagnostic tool, we 
identified one homologous recombinant (ES5-2697) out of 158 
neor ES5 colonies screened (Table 1). For reasons unclear, the 
mutant 6.7 kbp EcoRI fragment consistently yielded a 
substoichiometric signal as compared to the wt CKM allele in 
our Southern analyses. Similar differences in allelic signals have 
been observed for other gene targeting experiments by others 
(16,33,35). To obtain further evidence for the anticipated 
integration in clone ES5-2697, we used a polymorphic Xbal site 
in the CKM gene (see Fig. 1) which is present only in Balb/c 
derived targeting vector DNA but absent m ES5 DNA originating 
from mouse strain 129. As this site is relatively close to the neo 
insert it is especially well suited to monitor the fate of the 
incoming DNA. Upon probing Xbal digests with the CKM-3' 
probe we expected a 24 kbp wild-type Xbal fragment and an 
additional fragment which should be 0.7 kbp longer than the 16.3 
kbp fragment characteristic for mouse strain Balb/c, due to the 
insertion of the neo' cassette. This latter 17.0 kbp fragment 
should also hybridize with the neo probe. Furthermore, upon 
double digestion with Xbal and Kpnl we anticipated to see 
fragments of 17.0 and 11.0 kbp for wt and targeted alleles, 
respectively. As shown in Fig. IB, all expected Xbal and 
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Figure IA: Schematic diagram showing the targeting vector pRV8.5 (a; plasmid not shown) . the structure of the CKM locus in parental ES5 cells (b) and the 
predicted structure of the mutated CKM locus (c). Numbers 1 - 8 denote the exons; the bar indicates the position of the 900 bp BamHI-EcoRl probe fragment of 
CKM located just outside the targeting vector As neo probe we used a 900 bp EcoRI-Sall fragment derived from pMClneo (22). A list of expected fragment sizes 
hybridizing to the 900 bp CKM probe is given to the right Abbreviauons B. BamHl site; E. EcoRI site; K. Kpnl site; X. Xbal siti. X* is a polymorphic Xbal 
site present in intron 1 of the targeting vector (Balb/C mouse-denved CKM gene) and absent in the ES5 cell DNA (129J derived) B: Southem-blot analysis demonstrating 
targeted ìnactivation of one CKM allele in clone ES5-2697. DNAs were digested with the restriction enzymes indicated and hybridized with 32P-labeled CKM-3' 
or neo probe Fragment sizes are indicated to the left of each panel Lanes ES5. parental control cell line DNA. lanes ES5-2697. targeted cell line DNA. lanes 
Balb/C. Balb/C specific spleen DNA. 
83 
Xbal/Kpnl fragments were detected, giving additional evidence 
for correct lnsemonal inactivation of one CKM allele in ES5-2697 
cells. As an additional check, both the parental ES5 cells and 
ES5-2697 cells were examined cytogenetically and found to yield 
fully normal karyotypes (not shown). 
In an experiment to see whether the type of ES cell had any 
influence on targeting efficiency we attempted to repeat the knock­
out in CCE cells (see Table 1). No homologous recombinants 
in 260 DNAs from G418 resistent colonies were observed, thus 
confirming that primary targeting at the CKM locus in wt ES 
cells is not a very efficient process. 
Vector Cell 
line 
Treated ES Resistant Resistant colonies Targeted 
cells, no. colonies, no. analysed, no. colonies, no. 
pRV8.5 ES5 29ХІ0 6 
рГ 9.0 ESS 24X10'' 
рГ 9.0 ES5-2697 ЗОхІО6 
pRV8.5 CCE 50x10* 
рГ 9.0 CCE 
80ХІ0 6 
50ХІ0 6 
440 neo' 
900 hygroB' 
350 hygroB' 
91 neo' 
225 neo' 
815 hygroB' 
158 neo' 
191 hygroB' 
190 hygroB' 
74 neo' 
186 neo' 
134 hygroB' 
Enhancer replacement by repeated gene targeting 
To interfere with the expression of the CKM gene in a more subtle 
fashion we constructed an insertion-type of vector, pIV9.0 
(12,22), designed to functionally replace the muscle specific 5' 
upstream CKM enhancer (El, position -1100) by the constitutive 
acting enhancer (EPyF441) from polyoma mutant PyF441 (24) 
(Figure 2). The targeting DNA contained 9.0 kbp of overall 
homology to the CKM gene and a hygromycin В resistance 
(hygroB') gene located just upstream of the EPyF441 element 
Expected Kpnl-Fragmcnt Length (kbp) 
PROBES: СКМ-Э' ΝΕΟ HVC CKM-ATG 
WUdtrpe: II 1H 
Neo-Dbrupted: 18.7 18.7 
13 23 23 13 
Figure 2A: Second round gene targeting in homologous recombinant cell line ES5-2697 Schematic diagram showing the neo-ipactivated CKM allele (a), the insertion 
vector рГ 9.0 (b) and the various structures of the double targeted alleles observed (c). El and E2 denote the two enhancer regions in the CKM gene (18, 19). 
The bars show the location of the CKM. neo and hygroB specific probes. For sake of clanty, the plasmid (broken line) m the targeting vector, is not drawn according 
to scale. A list of fragment sizes for each of the four probes shown in panel В is given to the right. Hybridizing fragment sizes are listed for the wt and the neo 
disrupted allele m ES5-2697 and the type 1, type 2 and type 3 doubly targeted alleles. Abbreviations: R. EcoRV; PY, polyoma PyF441 enhancer; HYG. hygromycinB 
gene; 2, partially deleted exon 2. B: Southern analysis of Kpnl digests of genomic DNA from five doubly targeted ES5-2697 clones, the original ES5-2697 cell 
line and a nonhomologous transformant. One additional recombinant displayed the same fragments as those shown in lanes 3 and 4 (type 2). Genomic DNAs were 
hybridized to the CKM-3', the neomycin, the hygromycin and the CKM-ATG specific probes as indicated above each panel. DNAs, lane 1. ES5-2697-HB22; lane 
2. ES5-2697-HB117 (both type 1); lane 3. ES5-2697-HB88; lane 4, ES5-2697-HB123 (both type 2); lane 5, ES5-2697-98 (type 3); lane 6. ES5-2697; lane 7, ES5-2697-97 
(nonhomologous transformant as a control). Fragment sizes are given in kbp. 
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to allow for double drug selection. We anticipated that targeting 
might m principle cause two effects. First, the EPyF441 enhancer 
is known to be active in ES cells (22) and to confer a 
constitutive—tissue independent—mode of expression to a variety 
of genes. It is therefore likely, that replacement of the -1100 
enhancer region by EPyF441 will yield CKM expression at stages 
in development where normally CKM is absent. Concomitantly, 
as we expect the natural CKM El enhancer to shift to a position 
at least 14 kbp further upstream by the insertion event, its 
influence on the tissue specificity of CKM production, may be 
lost. 
To generate mutant ES cells with either a sole enhancer 
replacement or with two mutated CKM alleles (i.e. one disrupted 
allele and one allele with altered expression), EcoRV linearized 
pIV9.0 DNA was introduced both into wild-type ES cells and 
into the ES5-2697 cells with the neo-disrupted CKM gene. 
HygroBr colonies were selected and targeting events were 
identified by Southern-blot analysis of Kpnl cleaved ES-DNAs 
with the CKM-3' probe (Figs. 1 and 2) used earlier. For the wild-
type ES cells, amongst 191 hygroB' colonies screened, no 
homologous recombinants were identified. Targeted clones were 
expected to contain a novel 13.0 kbp sized fragment in addition 
to the wild-type fragment of 18.0 kbp. In contrast, for the 
ES5-2697 cells with the neo-inactivated CKM allele, in 6 out 
of 190 hygroB' colonies analysed (Table I), a homologous 
recombination event was observed. Surprisingly, all six clones 
examined had insertions into the neo-disrupted allele, as can be 
inferred from the appearance of new Kpnl fragments hybridizing 
with the neo probe (Fig. 2B). Based on hybridization with the 
CKM-ATG and hygromycin probes, as well as on additional 
Southern-blot analyses (not shown) the six independent 
recombinants can be divided into the three distinct types of clones 
depicted in Figure 2A. Two clones, ES5-2697-HB22 and -HB117 
designated type 1 mutants, have the body of the CKM gene 
repaired to normal. In both clones, the novel 13 kbp CKM-3' 
positive Kpnl fragment spanning the doubly targeted allele yielded 
also a clear signal with the CKM-ATG probe. As the 18 kbp 
wt Kpnl signal remains unchanged this must mean that the neo 
insertion must have been corrected and replaced by the original 
CKM sequence via a targeted correction event presumably 
involving gene conversion. In addition, both cell lines displayed 
the planned substitution of the myocyte specific El enhancer by 
the EPyF441 enhancer, an alteration probably due to crossover 
occurring 3' of the neo1 gene. Unexpectedly however, we 
observed in both clones a duplication of plasmid DNA and part 
of the hygroB' gene, apparently resulting from an additional 
gene conversion-like event at the 3' end of the CKM gene. A 
small but significant difference in the lengths of the duplicated 
areas encompassing the hygroB' genes was observed between 
both clones (data not shown). The three type 2 clones had the 
enhancer El replaced by EPyF441, and in addition showed a 
duplication of the neo1 gene. We can only explain these features 
by assuming that a gene conversion event had introduced the 
neo' cassette into the targeting vector before the actual DNA 
integration, via a crossover 3' to the neo' gene, took place. One 
clone with a type 3 structure as shown in Figure 2A, was 
identified. This clone probably resulted from a crossover at the 
region of homology 5' upstream of the neo1 gene. 
Again, to see whether there was any difference in targeting 
efficiency between ES cell lines, рГ 9.0 DNA was also 
introduced into ES CCE cells. As expected from the ES5 
transfection experiments, no correct targeting events were 
identified in 134 clones analysed (Table 1). Possible explanations 
for this observation, and for the fact that in the second round 
of targeting only clones with an integration at the neo-disrupted 
allele were obtained, are discussed below. 
Analysis of CK isoenzyme patterns in targeted ES clones 
To study the effects of the enhancer substitution on the expression 
of the CKM gene and to compare this to the situation in the 
ES5-2697 and wild-type ES cells, the CK isoenzymes were 
analysed using zymogram-electrophoresis followed by CK 
activity staining (31, 32). As visualized in figure 3, both 
ES5-2697-HB22 and ES5-2697-HB117 (lanes 4 and 6) contain 
a novel CK-BM heterodimeric isoenzyme activity. This activity 
is absent from the type 2 clone shown in lane 3 and from the 
nonhomologous transformant shown in lane 5. Interestingly, 
formation of BM heterodimers in the type 1 ES cells is favored 
above production of MM homodimers. Apparently, there is a 
relatively large pool of free CK-B monomers which titrates the 
newly formed CK-M monomers and hinders formation of CK-
MM. Moreover our results confirm that in ES cells the B- and 
M-polypeptides can assemble freely in the cell cytoplasm. Hence, 
there is no need to postulate molecular chaperones (34) or other 
factors that may influence the specificity of dimerisation. 
The CK-BB activity in all four clones analysed was very 
similar, CK-MM activity in normal or wild-type ES cells was 
below the level of detection. We conclude that the mere 
substitution of the CKM El upstream enhancer by the PyF441 
enhancer, leaving the second E2 enhancer intact, results in the 
transcriptional activation of the CKM gene in ES cells. The 
binding of transcriptional activators already present in the ES 
cells is presumably enhanced by the new arrangement in 
transcription-factor recognition elements upstream of the CKM 
cap site. The possibility that further enhancement of expression 
of the type 1 CKM gene, due to the presence of the El enhancer 
now shifted to approximately 19 kbp upstream of its normal 
chromosomal location, will result from in vitro or in vivo 
differentiation of ES5-2697-HB22 or -HB117 into myogenic 
direction remains a subject for later study. 
M 1 2 M 3 4 M 5 6 
Figure 3: Zymograms of CK isoenzymes ш targeted embryonic «em cells and 
neuromuscular tissue extracts. M, Human CK markers (Isotrol, Sigma 
diagnostics); 1, CK isoenzymes in mouse heart extract; 2, CK isoenzymes in 
mouse brain extract; 3, ESS- 2697-HB88 (type 2); 4, ES5-2697-HB22 (type 1); 
5. ES5-2697-HB97 (nonhomologous transformant); 6. ES5-2697-HBU7 (type 
1). Arrows mark the positions were samples were applied prior to dectrophore&is, 
arrowheads to the left mark the positions of the human CK isoenzymes indicated. 
Bars indicate the positions of the mouse CK isoenzymes. Asterisks mark the newly 
synthesized CK-BM isoforms. Significant differences in mobility were observed 
between human and mouse CK-MM isoenzymes and, less, between CK-BM 
isoenzymes of both species. Mouse and human CK-BB isoenzymes had identical 
mobility in this system. 
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DISCUSSION 
Several studies have now documented the potential of targeted 
gene inactivation in studying the role of specific genes in adult 
mice or mouse embryonic development (14, 15, 16) Usually 
gene inactivation is brought about by inserting a neo' cassette 
in the coding portion of a gene However, in cases where one 
can predict lethality in homozygous null mutants, targeted 
introduction of more specific mutations may be desirable In this 
paper we describe experiments designed to explore the potential 
of homologous recombination for our studies into the role of 
subcellular and tissue-specific isoenzyme distribution of creatine 
kinases, using the CKM gene as a model We have shown that 
it is possible to use homologous recombination techniques not 
only to render one CKM allele non-functional but also to create 
a gain of function mutation by promoter modulation To obtain 
these latter changes, we used a strategy that involved the targeted 
replacement of the tissue-specific CKM enhancer El by the 
mutant polyoma enhancer EPyF441 Our experimental design 
involved use of dual drag selection as recently also reported by 
Te Riele et al (35) Remarkable is our observation, that not only 
the second round of homologous recombination on our primary 
targeted ES cell line ES5-2697 was rather efficient but that all 
secondary targeted clones (6 out of 190 tested) resulted from 
recombination events at the neo-disrupted CKM allele There may 
be several explanations for the sole identification of clones that 
are targeted twice at the same allele Firstly, the neo-disrupted 
allele could be a better substrate for targeted insertion than the 
wild-type CKM allele for the reason that the disruption may have 
induced a more 'open' diramatine structure resulting in a greater 
accessibility for enzymes of the recombination machinery (14) 
Perhaps the mere presence of bacterial DNA or more likely, the 
EPyF441 enhancer in the neor cassette could be responsible for 
these putative changes in chromatin topology (36) Alternatively, 
the increased transcriptional activity at the neor gene may have 
had some effect (see also ref 37) Secondly, the unique 
integration at the neo-disrupted CKM locus may not have been 
caused by increased and preferential recombination at the neo-
disrupted allele but by the inability of the lnsertional vector to 
target the wild-type locus Because, with the hygromycin vector, 
we did not observe targeted insertion in wild-type ES cells, we 
cannot exclude the possibility that the expected gene rearrangment 
in some way will be lethal to the cell, will be unstable or will 
fail to express sufficient levels of the hygroB' gene product 
Finally, as suggested by the polymorphic Xbal site shown in Fig 
1, multiple sequence differences could exist beween the 
endogenous CK genes in the ES cells and the CKM genes from 
which both the replacement and insertion vector are made 
Basepair mismatch may have a strong influence on the efficiency 
of homologous recombination (48) This might explain the 
stronger preference for targeting the neo-disrupted allele in spite 
of the fact that the overall length of homology between рГ 9 0 
and the mutated allele is slightly reduced as compared to the 
situation at the wt CKM allele Allele specific targeting in the 
second round of transformation as observed for the CKM gene 
has not been observed in a recent study involving the consecutive 
inactivation of the pim-1 gene (35) Perhaps, as also primary 
targeting frequencies vary widely between different regions of 
the genome, we may assume that the difference in allelic 
preference for second round targeting as observed for pirn-1 and 
CKM genes may equally well be locus or gene dependent 
Though indeed, recent evidence has shown that identical alleles 
at certain loci do sometimes behave functionally different 
depending on the parental sex (38) the discrepancy between both 
findings is equally likely to result from differences in vector 
design (ι e replacement versus insertion lype vectors) or 
experimental technique 
Whatever the reason, from our observations we may conclude 
that primary CKM-targeted clones are relatively hard to obtain 
compared to secondary CKM-targeted clones Therefore, 
deliberate use of repeated targeting in cell line ES5-2697 may 
provide ал easier route for creating other subtle mutations that 
affect CKM expression CKM mRNA transcription and splicing 
processes are perhaps the most amenable for manipulation using 
the schemes as presented here While the observed difference 
m allelic targeting needs to be shown for other genes, our findings 
may have consequences for experimental design in similar studies 
Firstly, it may sometimes be difficult to achieve targeting of both 
alleles in cases where it is not possible or desirable to have germ 
line transmission Secondly, for certain genes—as for the CKM 
gene shown here—one may find more expedient routes for 
creating allelic mutations by deliberately using repeated targeting 
Thus, the first targeting serves to make the gene more accessible 
to subsequent modifications 
Surprisingly, none of the second round targeted CKM 
structures were of the form predicted by a single crossover near 
the EcoRV site, but all resulted from more complex 
recombination events, presumably involving gene conversion in 
at least 4 out of 6 cases Though small sized deletions have been 
found to be corrected in gene conversion events by others 
(39-41), duplications of approximately 1 to 4 5 kbp long 
stretches of dishomologous DNA have not been observed before 
except for in one case (42) One sinking observation from our 
results is that out of the six clones obtained in two, 
ES-2697-HB22 and -HB117, the secondary targeting event thai 
led to repair of the body of the gene, has completely restored 
the potential to encode biological active CKM-prolem subunits 
Previously, gene targeting associated with gene repair has been 
demonstrated for other genes (12, 41, 43) As shown in Figure 
3, biologically active CK-BM heterodimers with a mobility 
similar to the norma] mouse BM isoenzyme, were formed It 
should now be possible to begin studies into the biological 
consequences of CKM null and up- mutations for embryonic 
development and intracellular distribution From analogy with 
transgenic experiments giving ectopic СКВ expression (44, 45) 
we anticipate that 'abnormal CKM expression should be 
compatible with life Furthermore, previously our group had 
identified a 19/X chromosome translocation in a human female 
patient that had rendered one of the two CKM alleles non­
functional (46) From this, and from the fact that CKM expression 
occurs late in embryogenesis in skeletal and cardiac myocytes, 
where it functionally replaces or is coexpressed with СКВ, we 
expect inactivation of one CKM allele not to be embryonic lethal 
However, because genomic imprinting is known to exist in the 
chromosomal region in which the mouse CKM gene is located 
(38, 47). we are aware of the fact that biological effects of single 
CKM allele mutations may still be hard to predict More definite 
answers can therefore only be expected from a detailed study 
of the behaviour of ES5-2697 and ES5-2697-HB22 cells in mouse 
embryonic development now in progress From recent 
experiments, involving reinjection of both the primary targeted 
ES5-2697 cells as well as the secondary targeted ES5 2697-HB22 
cells into blastocysts of C57B6 mice, we may already conclude 
that both cell types have retained their ability to contribute to 
tissue formation in chimeric mice The mice obtained are now 
being bred to asses germ line transmission of the altered genes 
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ABSTRACT 
Replacement vectors with genomic DNA originating 
from different mouse strains were used to introduce 
site-specific mutations into the creatine kinase M (CKM) 
gene of mouse embryonic stem (ES) cells. Here we 
demonstrate that in mouse strain 129-derived ES cells, 
the gene is at least 25-fold more efficiently targeted 
with an isogenic, 129-derived vector (129-pRV8.3) than 
with a nonisogenic, BALB/c-speciflc vector (BALB/c-
pRV8.3). The two targeting constructs were identical 
except for allelic differences which were typed by 
partial sequencing. These included base pair 
mismatches (2%) and a polymorphic [GTC]-repeat 
length variation. Both in separate transfections as well 
as in cotransfections with mixed vectors, homologous 
disruption of the CKM gene resulted uniquely from the 
129-isogenic DNA. Our data confirm earlier 
observations on requirements for homologous 
recombination In pro- and eukaryotic systems and 
indicate that targeting of the CKM locus is highly 
sensitive to small sequence differences between 
cognate segments in the endogenous and incoming 
DNA. 
INTRODUCTION 
Gene targeting, homologous recombination between newly 
introduced DNA and chromosomal DNA, has been used to alter 
specific chromosomal loci in murine ES cells These ES cells 
may subsequently be used to introduce the mutation into the germ 
line ot mice to study the phenorypic consequences at the animal 
level (1 —7) However, since random recombination is about 30-
to 40000-fold more frequent than homologous recombination in 
mammals (8), the identification of targeted cells can become a 
labonous task Bener understanding ot the various parameters 
that influence the frequency of gene targeting may simplify and 
economize the experiments that require ES cells with site-specific 
mutations 
Several studies have illustrated that the targeting frequency in 
mammalian systems is dependent on homology length (9—11) 
Furthermore, the topology of the incoming DNA may play a role 
• To whom correspondence should be addressed 
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as very different targeting frequencies between an insertion and 
a replacement vector containing identical homologous sequences 
have recently been observed (8) Besides homology length and 
vector configuration, base pair variation may effect the rate ot 
homologous recombination It has been shown that the 
homologous recombination machinery of prokaryotes 
(Escherichia coll) is very sensitive to base pair mismatches 
between the substrates (12) In E coli, the crucial factor that 
determines the recombination efficiency appears to be the length 
of the uninterrupted stretches of homology (12, 13) Likewise, 
in mammalian cells, it has been shown that the efficiency ot 
intrachromosomal recombination is determined by the amount 
of uninterrupted homology available and does not depend on the 
total number of mismatches within a given interval of DNA ( 14) 
We have been focussing on the use ot targeted mutagenesis of 
members of the creatine kinase (CK) gene family (4 genes 
encoding 4 CK isoenzyme subunits) to study the processes 
involved in the generation and use of cellular ATP (for review 
see 15) In these studies we encountered conspicuous but 
unexplained differences in targeting frequencies for different CK 
alleles (16) In an ES cell targeting experiment one CKM allele 
was completely refractory to homologous recombination whilst 
the other previously modified, allele was targeted at a high 
frequency Furthermore, in a preliminary experiment involving 
the creatine kinase В (СКВ) gene, site-specific disruption in 
mouse strain 129-derived ES cells was much more efficient with 
a vector originating from the same mouse strain than with a vector 
containing DNA from mouse strain CBA (17) However, direct 
comparison of the targeting frequencies was difficult since there 
were not only strain specific DNA sequence heterologies between 
the two vectors but also small differences in homology length 
and position of the neomycin resistance cassette These 
observations have recently gained a more solid basis through the 
work of Te Riele et al who demonstrated the importance ot the 
use of isogenic DNA constructs lor targeting the retinoblastoma 
susceptibdity (RB) gene in 129-denved E14 ES cells (18) 
As a further step towards understanding of homology 
requirements of targeted mutagenesis we report here on a 
systematic study of the effects of homology between the incoming 
DNA and the target cell genomic DNA using strain specific 
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vectors and the CKM gene of mouse as a model In separate 
as well as mixed assays, the isogenic 129-denved vector DNA 
showed by far the highest targeting efficiency 
MATERIALS AND METHODS 
Construction of vectors 
The replacement vector 129-pRV8 3 was derived from a 9 0 
lulobase pairs (kbp) genomic BamHI fragment spanning exons 
1—5 of the CKM gene that originated from a mouse strain 
129Sv/E genomic DNA library in phage EMBL3 (17) A 0 9 
kbp EcoRI-EcoRV fragment, encompassing exon 2 and part of 
introns 1 and 2, was removed and replaced by a 2 0 kbp 
hygroBr cassette (16) Furthermore, a 2 0 kbp HSV-tk cassette 
was attached to the 3' end of the CKM gene In this cassette 
the polyoma enhancer PyF441 is driving the expression of the 
tk gene which cames the polyadenylation signal of pMCneopolyA 
(9) BALB/c-pRV8 3 was constructed as 129-pRV8 3 except that 
the 9 0 kbp BamHI fragment originated from a mouse strain 
BALB/c genomic DNA library (16) To enable the typing of 
targeting events by Southern blot analyses, the unique Xhol site 
in the 5' polylinker sequence of the hygroB' cassette in BALB/c-
pRV8 3 was replaced by an EcoRV site To this end. DNA was 
digested with Xhol filled in with dNTPs using Klenow DNA 
polymerase and ligated to EcoRV linkers (see Fig 2) The 
targeting plasmids were sequenced using the supercoil DNA 
sequencing method (19) 
Electroporation and tissue culture 
The DNA was prepared for transfeclion by alkali lysis (20), 
linearized with restriction enzyme BamHI, phenol-chloroform 
extracted, ethanol precipitated and suspended in H20 at a 
concentration of 0 5-1 0 μg/μl Targeting vector DNA was 
introduced into AB-1 cells (4) (kindly provided by Dr A Bradley, 
Baylor College of Medicine, Houston, USA) by electroporation 
with a TA750 transfection apparatus (Kruss GmbH Hamburg, 
Germany) Batches of about 4-8 10* ABl cells were suspended 
in 0 4 ml electroporation buffer [10 mM potassium phosphate 
(pH 7D/0 28 M Sucrose/1 mM MgCI
:
/200 /tg/ml BS A 
(Boehnnger Mannheim GmbH)] and mixed with 10 μg/ml vector 
DNA For cotransfection of 129-pRV8 3 and BALB/c-pRV8 3, 
tells were mixed with 5 iig/m) of each pldsmid (10 lig/ml total) 
The cells were given 24 pulses [17 lis each, 1 5 kV/cm], 
incubated for 1 min at room temperature and then plated onto 
a 9 cm tissue culture dish carrying SNLH9 feeder cells in 10 
ml of medium (Dulbecco's modified Eagle s medium with 15% 
feul calf serum, 2 mM glutamine, 1 mM sodium pyruvate and 
0 1 mM 0-mercaptoethanol) SNLH9 feeder cells were clonally 
derived from cell line SNL76/7 (4) after transfection with vector 
pG3-hygroB DNA (16) containing the hygroB' gene (Deursen 
van, unpublished) 24 hr after electroporation ES cells were refed 
with medium containing 140 μg/ml hygromycin В (dry powder, 
Sigma) and 0 2 дМ FIAU (l-[2-deoxy, 2-fluoro-S-D-
arabinofuranosyl, a kind gift of Bristol Myers) Ten days after 
transfection individual colonies were picked and expanded on 
60% (v/v) BRL-condmoned medium (16) (to remove SNLH9 
feeder cells) for DNA preparation and storage To determine the 
negative selection enrichment factor of 129-pRV8 3 and BALB/c-
pRV8 3 cells were first grown for ten days on medium 
containing 140/ig/ml hygromycin В only and then colonies were 
scored Subsequently, individual colonies were grown on 
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Figure 1 Pania] DNA sequence comparison of the CKM genes from mouse strains 
129 and BALB/c Sequence mismatches identified within four randomly chosen 
DNA intervals (I-IV hatched boxes) are given underneath the 9 0 kbp BamHI 
fragment used for construction of the targeting vectors 129 pRV8 3 and BALB/c 
pRV8 3 (see Fig 2) The black boxes mark the positions of the CKM exons 
1-5 Polymorphic restriction sites Xbal and Psti which are present only in the 
BALB/c derived CKM allele ait denoted by *Xb and *P In all four DNA regions 
sequenced nucleotide position 1 is located at the 5 end of each interval 
hygromycin В plus FIAU medium for 1 week and then scored 
again. 
Southern blot analyses of targeted clones 
Genomic DNAs were subjected to restriction enzyme digestion 
with Kpnl, EcoRV and Xbal/Xhol Approximately 2 0 ¿ig of each 
digest was fractionated on a 0 7% agarose gel, transferred to 
Hybond (Amersham), and hybridized with 32P-labeled probes as 
previously described (16) Probe A. a 900 bp BamHI-EcoRI 
fragment (Figure 2a). has no overlap with sequences present in 
129- and BALB/c-pRV8 3 Probe B, a 1195 bp Psll-Bglll 
fragment derived from рЕС б (21), was used as a hygroB 
specific probe (see Fig 2) After hybridization, blots were 
washed at a final stringency of 0 05 X SSC. 0 1 % SDS al 65 °C 
RESULTS 
Dishomolog) between the CKM genes of mouse strains 129 
and BALB/c 
In order to assess the influence of sequence divergence between 
targeting vector and endogenous DNA in a systematic manner 
we constructed a set of highly similar isogenic and nonisogcnic 
knock-out vectors for the murine CKM gene Initially, from 
Southern blot analyses of CKM gene regions of mouse strains 
129 and BALB/c genomic DNAs, Xbal (16) and PstI restriction 
fragment polymorphisms (see Fig 1) were observed To study 
the extent and the nature of the dishomology more precisely, we 
partially sequenced randomly distributed intervals of the 129- and 
BALB/c-denved 9 0 kbp CKM fragment used for construction 
of the strain specific targeting vectors The comparative sequence 
analysis is illustrated in Figure 1 Of the four DNA regions 
sequenced only interval I (255 bp) shows perfect homology 
between 129 and BALB/c In interval II (150 bp) 17 single 
nucleotide mismatches (11%) were found In interval III (258 
bp) and interval IV (280 bp) 1 nucleotide substitution and a 
polymorphic [GTC] repeat were observed respectively From 
92 
129-CKM loci!· 
а) T ~ r r 
probe A 
6 7 β 
Expected 
Kpnl fragment J 
18 0 Kb (A) 
(В) 
Χ 
b ) 129 pRVg.3 
С ) BALB/c-pRV8 3 f 
d) 
С K M mutants 
"Xb'R К Xb R 
probe В 
•xh 3 J 
Г С П 
probe A 
"Xh'R К \b R 
6 7 β 10 7 Kb (A) 
10 7 Kb (B) 
Figure 2. Schermde diagram showing (a) the itructure of the CKM locus in parental AB I cells (b) the mouse strain 129-denved targeting vector 129 pRV8 3 (<-) 
the BALB/c-denved vector BALB/C pRV8 3 and <d) the predicted ¡>micwre of the CKM locus after targeted mutagenesis with 129 pRV8 3 or BALB/c pRV8 3 
Numbers I - 8 denote the едоп sequences the bars indicate the positions ol the probes A and В A list of Kpnl fragment sizes hybridizing to both probe*» A and 
В is given lo the right Abbrevations В BamHI E EcoRI K, Kpnl R EcoRV Xb XbaJ The EcoRV and Xbai sites only present in BALB/c pRV8 3 are marked 
by • and the Xhol site diagnostic for 129-pRV8 3 is denoted by ' Xh 
Table I. A Targeting of the CKM gene in AB-1 cells using isogenic (129-pRV8 3) and nomsogenic (BALB/c pRV8 3) pla>mid vectors 
Exp no Targeting DNA Electroporated cells no HygroB'/FlAUr clones no HygroBr/FL\Uf clones sreened no Targeted clones 
1 
2 
3 
4 
5 
6 
7 
129 
129 
BALB/c 
BALB/c 
BALB/c 
BALB/c 129 (1 1) 
BALB/c 129 (1 1) 
20ХІ06 
JOxlO6 
60x10* 
20ХІ06 
30x10* 
ЗОхІО
6 
30x10* 
158 
150 
204 
148 
156 
200 
144 
no 
99 
141 
73 
143 
139 
105 
18 
7 
0 
0 
0 
12 
3 
В Frequencies of conversion of AB-1 cells to hygroB resistance and FIAU-ennchmem factors 
Targeting 
DNA 
129 
BALB/c 
Electroporated cells no HygroBr clones no Frequency of hygroBr clones 
8XI06 301 3 8x10 s 
8x10 s 286 3 6ХІО - 5 
HygroB'/FIAU' clones no 
126 
114 
Enrichment factor 
2 4 
2 5 
these data we estimate that on average approximately 2% allelic 
nucleotides exist between the 129-CKM and the BALB/c-CKM 
loci 
Stram specific targeting vectors 
To measure the frequencies of homologous recombination with 
isogenic and nomsogenic vectors, we used the gene targeting 
strategy as previously oudined by Mansour et al (22) The two 
replacement-type targeting vectors, 129-pRV8 3 and BALB/c-
pRV8 3 (see Fig 2) contain a 9 0 kbp segment of the CKM gene 
flanked by BamHI sites which are conserved between the mouse 
inbred strains 129 and BALB/c. In these 9 0 kb fragments a 0 9 
kbp EcoRI-EcoRV fragment was replaced by a hygroB' cassette 
(16) In addition, to enable selection against random integration 
events, a HSV-tk gene was introduced at the 3' end of the CKM 
homology (22) This tk gene is driven by the same promoter and 
polyoma enhancer as the hygroB' gene The cohneanty of both 
targeting constructs was confirmed by restriction enzyme analysis 
and DNA sequence analysis 
Testing of vector efficiency in separate transfection assays 
Firstly the two BamHI linearized targeting vectors were 
separately introduced into mouse strain 129-denved AB-1 cells 
Simultaneous selection in hygromycin В and the pynmidine 
93 
| ф - 2 Э хКрЩ 
. g ч probe A 
•4.8 
- 2 2 
- 2 0 
-
6.7 " ' 
-4.8 probe В 
2 2 
• 2 О 
• 23 χ EcoRV 
. 6.7 P r o b e в 
- 2 2 
> 2 0 
Figure 3. Southern blot analyses of DNA from targeted and nontargeted ES cell 
lines, (a) Kpnl digested DNAs hybridized to probe A (CKM). (b) Xbal and Xhol 
digested DNAs probed with probe В (hygromycin) and (c) EcoRV digested DNAs 
also hybridized to probe B. At the right site of each panel the positions of DNA 
marker fragments (Hindlll digested phage lambda DNA) are indicated in kbp. 
Numbers on top of the upper panel refer to the various AB-1 ES clones selected: 
707 and 822. two l29-pRV8.3 targeted clones from the separate transfection 
experiments; 77. 148. 357. 35. 49. 136. 32. 15, 266 and 513. homologous 
recombinants derived from cotransfecnorts of vectors l29-pRV8.3 and BALB/c-
pRV8.3. and 81 and 82. clones with random integrations of BALB/c-pRV8.3 
from a separale transfection experiment. 
derivative FIAU yielded colonies which were clonally expanded, 
and used for isolation of genomic DNA to identify homologous 
recombinants by Southern blot analyses. The results of the various 
experiments are summarized in Table la. With a CKM specific 
probe located outside the introduced DNA fragment (probe A, 
see Fig. 2), targeted clones were expected to yield a wildtype 
18.0 kbp fragment as well as a mutant 10.7 kbp fragment. In 
two experiments with 129-pRV8.3, we indeed identified a total 
of 25 independent homologous integration events out of 209 
colonies screened (frequency 12%). The analysis of two of these 
recombinants is shown m Fig. 3a. lanes 707 and 822. In contrast, 
in three individual experiments with construct BALB/c-pRV8.3, 
amongst 357 hygroB' and FLAU' colonies analyzed in total, no 
homologous recombinants were observed. 
In addition, we tested if disparities in the targeting efficiency 
for 129-pRV8.3 and BALB/c-pRV8.3 could be caused by vector 
specific differences in the frequency of conversion of cells to 
hygromycin В resistance or the FIAU-enrichment factor. As seen 
in Table lb, both parameters are comparable for 129-pRV8.3 
and BALB/c-pRV8.3, and therefore do not contribute to the 
observed difference in targeting frequency. 
Testing of vector efficiency by cotransfection 
Previous reports illustrate that the homologous recombination 
frequency of individual targeting vectors can vary considerable 
between separate experiments (1. 3, 23, 24). Therefore, to study 
the targeting capacity of 129-pRV8.3 and BALB/c-pRV8.3 free 
from any bias imposed by experimental variation, we 
cotransfeaed equimolar amounts of both linearized vectors into 
the AB-1 ES cells. The subsequent selection of doubly resistant 
colonies and screening of homologous recombinants were carried 
out as mentioned above. Two separate experiments yielded a total 
of 15 homologous recombinants out of 244 colonies screened, 
giving a targeting frequency of about 1 in 16 hygroB'/FIAU' 
clones (see Table la and Fig. 3a). To identify whether the 
129-pRV8.3 or BALB/c-pRV8.3 vector DNA had been involved 
in the recombination event. Southern blot analyses were 
performed for every individual clone using the Xbal/Xhol and 
EcoRV diagnostic restriction sites present in the polylinker DNA 
flanking the hygroB' gene of each vector (see Fig. 2). Thus, 
DNA samples of all individual targeted clones were digested with 
simultaneously Xbal and Xhol or EcoRV and blotted and 
hybridized with probe B, a hygroB' gene specific probe. In 
those clones in which the substrate involved in the targeted 
disruption of the CKM gene is 129-pRV8.3. probe В will detect 
a 2.0 kbp Xhol/Xbal fragment. In the clones targeted by BALB/c-
pRV8.3 a 2.0 kbp EcoRV fragment will become visible. All 15 
homologous integrants displayed the 2.0 kbp Xhol/Xbal band 
whereas the 2.0 kbp EcoRV fragment was absent and replaced 
by a band of more than 23 kbp, indicating that in every 
recombination event vector 129-pRV8.3 was involved. The 
Southern blot analyses of 10 of these 15 clones are given in 
Figure 3. 
To verify further the discriminative abilities of our procedure, 
also two nonhomologous BALB/c-pRV8.3 integrants of 
experiment 3 (see Table la) were analyzed. As expected, in both 
clones the diagnostic 2.0 kbp EcoRV fragment was present whilst 
the 2.0 kbp Xhol/Xbal band was absent (Fig. 3 lanes 81 and 82), 
demonstrating the reliabili ty of the diagnostic approach. 
Finally, as an additional check for the integrative capacity of 
the vector DNAs proper, we selected a number of nontargeted 
clones of experiments 6 and 7 (see Table la) carrying a single 
vector DNA integration and identified the mouse strain origin 
of the construct involved. Because equimolar mixtures of isogenic 
and nonisogenic DNA were used to transfect the ES cells, 
129-pRV8.3 and BALB/c-pRV8.3 DNA integrations were 
expected to be equally distributed amongst clones. Southern blot 
analyses of 18 clones revealed that 10 clones had a single 
integration of 129-pRV8.3 and 8 originated from BALB/c-
pRV8.3 (data not shown), indicating that experimental conditions 
indeed had the anticipated results. 
DISCUSSION 
The development of more efficient selection (22, 25) and 
screening (26, 27) procedures and of improved targeting vectors 
(10, 11) has considerably simplified the identification of targeted 
clones in ES cell mutagenesis experiments. Still the frequencies 
of gene targeting are rather low in the various experiments that 
have been reported until now. Further progress in the technology 
may therefore come from a better understanding of the aspects 
that influence the efficiency of homologous recombination. With 
the results presented here we underscore the need to explore the 
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homologous recombination potential of isogenic targeting 
constructs in future experiments Though our tests are based on 
the use of only one gene, ι e the CKM gene located on mouse 
chromosome 7 (28), they demonstrate that targeted gene 
disruption in ES cells derived from mouse strain 129 can be 
obtained at high frequency (ratio homologous to random 
integration. I to 8) provided that a syngenic targeting construct, 
derived from strain 129, is used With the nomsogenic BALB/c 
derived vector no targeting events were found in 357 clones 
analyzed The most compelling evidence for the sensitivity of 
targeted recombination to base pair mismatches, however, comes 
from the experiment where both types of constructs were 
transfected simultaneously In this experiment we attempted to 
maximally suppress the eventual influence of cell culture 
condition, electroporation bias or selection regime Even here, 
the isogenic 129-denved vector was the only construct involved 
in homologous integration Because the vectors were designed 
such that they differed only at the region of homology, these 
findings indicate that the machinery involved in targeted 
recombination is sensitive to subtle sequence differences At 
present we do not know whether there are any effects caused 
by the allelic sequence differences being not evenly distributed 
across the locus Interval I, just upstream of the first exon was 
exactly identical in both strains In interval Π, a region situated 
in the gene's second intron, however, a conspicuous high number 
of base pair differences was seen (17 out of 150) In intervals 
III and IV, both located in the 5th intron, only a nucleotide 
difference and a simple sequence motif polymorphism were 
found In spite of these patchwise dissimilarities the deduced 
overall sequence divergence (2%) for the BALB/c and 129 CKM 
alleles is only slightly higher than previously reported for the 
CBA and 129 alleles of СКВ (another member of the mouse CK 
gene family) (17) Also for the RB genes of mouse strains of 
BALB/c and 129 only about 0 7% divergence was reported (18) 
Still, many other allelic mouse loci have to be sequenced and 
tested in ES cell mutagenesis before we will be able to appreciate 
the influence of the overall sequence context, and individual base 
transversions or transitions therein, on targeting frequency 
Our CKM data presented here are remarkably similar to the 
recent findings of te Riele et al (18) They showed that 
homologous recombination at the RB gene in 129-denved ES 
cells was 20-fold more efficient with an isogenic DNA construct 
than with a BALB/c construct. However, the differences in 
targeting frequencies for the RB ( 1 in 3) and the CKM gene ( 1 
in 19 without FIAU-ennchment) indicate that parameters other 
than homology may influence the gene targeting frequency Such 
parameters involved may be the chromosomal location ol the 
target gene, the entire length of the homologous segments 
(9— 11), the topology of the targeting vector (8), the expression 
level of the selection marker ( 18) and its position within the 
homologous DNA segment (2, 29) This may explain why high 
rates of gene targeting, like those reponed here have been 
reported by others using nomsogenic DNA vectors (2, 30) 
In an earlier study, Waldman and Liskay have shown that 
in mammalian cells the frequency of imrachromosomal 
recombination events is not determined by the number ot 
mismatches in a given DNA interval but by the amount of 
uninterrupted homology available Between 134 to 232 bp of 
perfect homology seems to be required for efficient homologous 
recombination These authors also demonstrated that initiation 
of intrachromosomal recombination is strongly reduced by DNA 
mismatches, whereas propagation and termination appear to be 
less sensitive (14) Therefore, one of the many possible 
explanations for the efficient targeting with nomsogenic vectors 
mentioned above could be the presence of large uninterrupted 
homology at the positions of recombination initiation It is 
however hard to predict whether the same extend of uninterrupted 
DNA homology is necessary and required tor efficient gene 
disruption tor it is presently unknown whether the same 
mechanism is involved in the intrinsically different processes of 
recombination between two chromosomal loci and between 
chromosomal loci and exogenous DNA vectors Previously 
reported data showed that extrachromosomal recombination in 
mammalian cells is relatively insensitive to base pair mismatches, 
illustrating the individual responses of different types ot 
recombination processes to DNA heterologies (31) 
Furthermore, Wards et al (32) have shown that the presence 
of [TG] repetitive elements can stimulate homologous 
recombination between two plasmid substrates in human tissue 
culture cells Again if we can extrapolate these findings to the 
events involved m gene targeting, simple sequence motif 
disparities such as the [TG]-repeat length polymorphism observed 
in СКВ (17) and RB alleles (18), and perhaps the (GTC] motif 
polymorphism in the CKM alleles (Figure 1), may have an even 
stronger influence on targeting frequencies than simple single 
nucleotide polymorphisms proper 
Our findings may also have particularly important 
consequences for vector design for targeting in ES cell lines other 
than mouse ES cells For example, targeted integration of 
selectable markers in somatic cell hybrids, for chromosome 
tagging as a first step in positional cloning approaches, and for 
the use in reverse genetics studies in tissue culture cells has been 
proposed (33) Simple sequence motifs on average are present 
once in every 1000 to 10000 bp of genomic DNA of these 
mammalian cells (34) Moreover, in outbred situations like in 
humans, single nucleotide polymorphisms are present at an 
estimated frequency of once every 200 bp, a rate that may even 
exceed the allelic variation in inbred mice as reported here 
Therefore, the source of the DNA as starting material for vector 
construction may become a highly critical issue 
Though we cannot ovennterpret our results as large differences 
in recombination frequencies between isogenic and nomsogenic 
DNA targeting constructs so far have only been convincingly 
demonstrated for the RB gene (18) and here for the CKM gene, 
we feel that the use of DNA vectors with perfect homology may 
indeed facilitate the identification of targeted clones m reverse 
genetics approaches, in general 
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Summary 
To understand the physiological role oF the creatine 
kinase-phosphocreatlne (CK-PCr) system in muscle 
bioenergetics, a null mutation ofthemuscleCK (M-CK) 
gene was introduced into the germline of mice. Mutant 
mice show no alterations in absolute muscle force, but 
lack the ability to perform burst activity. Their fast-
twitch fibers have an increased intermyofibrillar mito-
chondrial volume and an increased glycogenolytic/ 
glycolytic potential. PCr and ATP levels are normal 
in resting M-CK-deficient muscles, but rates of high 
energy phosphate exchange between PCr and ATP are 
at least 20-fold reduced. Strikingly, PCr levels decline 
normally during muscle exercise, suggesting that 
M-CK-mediated conversion Is not the only route for 
PCr utilization m active muscle. 
Introduction 
The creatine kinase-phosphocreatine (CK-PCr) system 
is considered to fulfill an important role in the energy me-
tabolism of skeletal and cardiac muscle (reviewed in Bess-
man and Carpenter, 1985, Wallimann et al , 1992) PCr 
functions as a temporary energy buffer during periods of 
muscle contraction, when ATP consumption exceeds syn-
thesis Overall ATP levels are held essentially constant by 
rapid replenishment of ATP from PCr through the reaction 
catalyzed by CK (EC 2 7 3 2) PCr + ADP + Η* τ± Cr + ATP 
The CK reaction is near equilibrium in skeletal muscle 
(McGilvery and Murray, 1974, Gadian et a l , 1981 ), and the 
forward and reverse reaction rates are severalfold higher 
than the maximal rates of ATP hydrolysis and synthesis 
(Matthews et al , 1982) 
In addition to its role as an energy buffer, it has been 
proposed that the CK-PCr system functions in energy 
transport (reviewed in Bessman and Geiger, 1982, Walli­
mann et al, 1992) on the basis of the functional and physi­
cal association of CK isoenzymes with subcellular sites 
of ATP production and hydrolysis In this concept, PCr 
and Cr act as shuttle molecules between these sites PCr 
may be produced via two metabolic pathways, the first of 
which is catalyzed by muscle CK (M-CK) homodimers in 
the sarcomenc I band, where they are functionally coupled 
to glycolysis (Wallimann et al , 1989, Maugham and Weg­
ner, 1989) The second route is catalyzed by the mitochon­
drial CK (Mi-CK), which is associated with outer face of 
the mitochondrial inner membrane and functionally linked 
to oxidative phosphorylation (reviewed by Wyss et al , 
1992) PCr is presumed to diffuse from both locations to 
the myofibrillar M band, where it locally serves to replenish 
ATP with MM-CK as catalyzing agent (Turner et al , 1973, 
Wallimann et al , 1978, 1983, 1984) Finally, Cr diffuses 
back to sites of ATP synthesis for rephosphorylation Due 
to their higher diffusion coefficients, PCr and Cr are more 
efficient energy shuttles than ATP and ADP (Jacobus, 
1985, Yoshizaki et al , 1990) In particular, the limited diffu­
sion capacity of ADP renders it an unsuitable shuttle mole­
cule in fibers where mitochondria are not in close apposi­
tion to individual sarcomeres, as is the case lor the large 
fast-twitch fibers As predicted by model calculations, the 
ADP concentration required for efficient diffusive transport 
in such fibers would reduce the free energy of ATP hydroly­
sis below the level necessary for sustained muscle con­
traction (Mamwood and Rakusan, 1982, Meyer et al , 
1984) On the other hand, energy transport via PCr and 
Cr molecules serves to optimize the thermodynamic effi­
ciency of ATP hydrolysis and synthesis At the sarco­
meres, where large amounts of ATP are hydrolyzed, the 
immediate rephosphorylation of ADP by MM-CK maintains 
a low ADP concentration This prevents inactivation of my­
osin ATPases (Zweier el al , 1991) and loss of adenine 
nucleotides via a series of enzymatic conversions initiated 
by adenylate kinase (Iyengar, 1984) Similarly, phosphory­
lation of Cr by Mi-CK is thought to keep local ADP levels 
high at the mitochondria This stimulates mitochondrial 
respiration and minimizes the free energy required lor ATP 
synthesis (see Wyss et al , 1992) The amount of PCr and 
the extent of individual CK isoenzyme activities localized 
at particular subcellular compartments are largely deter­
mined by the contractile properties of fibers Fast-twitch 
fibers (high myofibrillar ATPase activity, high glycolytic 
and low oxidative capacity) contain large amounts of PCr 
and MM-CK but low levels of Mi-CK Slow-twitch and car­
diac fibers (low ATPase activity, low glycolytic and high 
oxidative capacity) contain relatively low amounts of PCr 
and MM-CK but high concentrations of Mi-CK (Yamashita 
and Yoshioka, 1991, Kushmenck et al , 1992) 
Although the functions of the CK-PCr system in muscle 
bioenergetics may be manifold, little is known at present 
about its biological significance In particular, studies in 
animal models involving the use of Cr analogs, such as 
ß-guanidinopropionic acid (GPA), have added to the com-
plexity of this issue (see Wyss et al , 1992) To understand 
better the physiological role of the CK-PCr circuit in mus-
cle energy metabolism in vivo, we have used mouse em-
bryonic stem (ES) cells targeted at the M-CK locus (van 
Deursen and Wieringa, 1992) to create mice that lack the 
M-CK subumt isoform Here we report that mice deficient 
in M-CK are viable and fertile and exhibit no overt abnor-
malities Detailed examinations revealed that fast-twitch 
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Figure 1. Southemand Northern Blot Analysis 
and CK Isoenzyme Characterization of Off­
spring from Heterozygous Crosses 
(A) Tail tip DNA was digested with Kpnl. and 
Southern blot analysis was performed with the 
M-CK 3'fianking probe as described previously 
(van Deursen and Wierlnga. 1992). Wild-type 
and mutant diagnostic Kpnl fragments appear 
as 18 0 and 10.7 kb bands, respectively (their 
positions are marked by arrows). Lane 1. 
mouse heterozygous for the M-CK mutation; 
lane 2, wild-type mouse; iane 3. mouse homo­
zygous for the M-CK mutation. 
(B) RNA was isolated from skeletal muscle 
(hind leg) tissue and analyzed by Northern blot­
ting using an exon 2 hybridizing genomic M-CK 
probe In controls (lane 1). the 1415 nt M-CK mRNA is visible Mice heterozygous for the M-CK mutation (lane 2) displayed about 50% of the 
intensity of this signal, suggesting that in normal muscles both M-CK gene copies are transcriptionally active In homozygous mutants (lanes 3), 
no M-CK mRNA was detectable, even not after prolonged exposure The GAPDH mRNA expression levels serve as control for RNA quantitation. 
(C) Quantitative zymogram analysis of CK isoenzymes in brain (lanes 1 and 2), heart (ventricle) (lanes 3 and 4), and skeletal muscle (gastrocnemius) 
(lanes 5 and 6) homogenates of a mouse homozygous for the M-CK mutation (lanes 1, 3, and 5) and of a wild-type mouse (lanes 2, 4, and 6). 
Arrows to the right mark the positions of the various CK Isoforms. The arrowhead (on the right) indicates the position on the cellulose acetate 
strip where samples were loaded prior to electrophoresis. Minus and plus (on the right) mark the cathode and anode position, respectively. 
fibers selectively compensate for the mutation by adapta­
tions in the mitochondrial infrastructure. As a conse­
quence, the performance of skeletal muscles was altered 
in endurance and burst activity. Unexpectedly, contracting 
muscles were still able to hydrolyze PCr, suggesting that 
MM-CK is not the only enzyme capable of catalyzing en­
ergy transfer from PCr to ATP. 
Results 
Generation of M-CK-Deficient Mice 
Murine AB-1 ES cells with a targeted M-CK gene were 
obtained as described previously (van Deursen and Wier-
inga, 1992). A total of 13 such ES cell lines were injected 
into C57BL/6 host blastocysts, and embryos were reim-
planted into foster mothers. Chimeric males were test bred 
to C57BL/6 females, and chimeras derived from one clone 
were found to transmit the mutation to their offspring. Het­
erozygous mutants were interbred to generate mice defi­
cient in M-CK (Figure 1A). Litter sizes were normal, and 
91 offspring were genotyped 2 weeks after birth; 19 were 
wild types, 53 were heterozygotes, and 19 were homozy­
gous M-CK mutants. 
To confirm that the targeted mutation had indeed gener­
ated the desired M-CK deficiency, a Northern blot of RNA 
prepared from skeletal muscle was hybridized with a 
mouse M-CK exon 2 probe (Figure 1B) or an exon 6 probe 
(data not shown). No 1415 nt M-CK messenger RNA 
(mRNA) (Buskin et al., 1985) was detectable in homozy­
gous mutant mice. Furthermore, cellulose acetate electro­
phoresis followed by staining for CK activity revealed that 
skeletal and cardiac muscle of homozygous mutant mice 
are devoid of isoenzymes containing the M-CK subunit 
(Figure 1С). The slight increase of BB-CK in heart (Figure 
1С, lane 3) can be explained by the lack of BM-CK hetero-
dimers (van Deursen et al., 1991; Brosnan et al., 1993), 
while the small increase of Mi-CK (lane 5) is consistent 
with the general increase of mitochondrial volume and 
enzyme activity observed in skeletal muscles of mice defi­
cient in M-CK (see below) Thus, M-CK deficiency does 
not result in a specific compensatory expression of other 
subunits of the CK family. 
Increased Mitochondrial Capacity and Glycogen 
Content in Fast Fibers 
Cross sections from various skeletal muscles were stained 
with hematoxylin/eosin and examined for possible struc­
tural defects. The general morphology of mutant skeletal 
muscles was similar to wild-type muscles. The same held 
true for cardiac muscle. We also stained cross sections 
for different types of myosin ATPase and for succinate 
dehydrogenase activity (Figures 2A-2D) to establish the 
physiological status of M-CK-deficient muscles. The pro­
cedure allows discrimination among type 1 (slow and oxi­
dative), type 2A (fast, oxidative, and glycolytic), and type 
2B (fast and glycolytic) fibers (Dubowitz, 1985). The size 
and the distribution of the three different fiber type popula­
tions in the gastrocnemius, plantaris, soleus, and semi­
membranosus muscles were similar in mutant and wild-
type mice. The size of the fibers was also normal. 
However, we noticed that mutant type 2 fibers stained 
for succinate dehydrogenase always presented a more 
coarsely granulated aspect than the corresponding fibers 
of wild-type animals (Figures 2C and 2D), suggesting that 
the mitochondrial volume between the myofibrils had dis­
tinctly increased. Indeed, transmission electron micros­
copy revealed an expanded intermyofibrillar mitochondrial 
compartment, extending over the entire length of the fast 
fibers (Figure 2H). Mitochondria were frequently packed 
in rows, and conspicuously high numbers of enlarged mito­
chondria were observed. In wild-type fibers, mitochondria 
were relatively small and moderately (type 2A) or sparsely 
(type 2B) distributed among the myofibrils (Figure 2G). 
No abnormal histochemical and ultrastructural charac­
teristics were found in slow-twitch fibers (type 1) of mice 
deficient in M-CK. Therefore, we assumed that any differ-
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enees in the mitochondrial enzyme activity of mutant skel­
etal muscle could result from changes in the aerobic poten­
tial of fast-twitch fibers alone As shown in Table 1, the 
activities of enzymes acting in the Krebs cycle or the respi­
ratory chain were about 50%-80% increased in mutant 
muscles The rates of [1 -"CJpyruvale oxidation in ihe pres­
ence of malate paralleled this trend (422 ± 50 and 1098 
± 348 nmol per hour per milligram of protein, respectively 
in controls and mutants) Periodic acid-Schiff staining of 
cross sections of gastrocnemius-plantans-soleus (GPS) 
muscle complexes showed a marked and selective in­
crease in glycogen levels in mutant type 2 fibers (Figures 
2E and 2F), reflecting additional bioenergelic adaptations 
Chemical quantitation revealed that the glycogen content 
m GPS complexes of null mutants was about 60% in­
creased compared with controls (42 3 ± 7 2 versus 26 1 
± 5 Θ μΓηοΙ of glucose per gram of wet weight η = 6) 
To investigate whether the increase in energy reserves 
was associated with a reduction of glycogenosis as has 
been reported for GPA-treated rats (Meyer et al 1986), 
the glycogen content of the GPS complex was measured 
before and after 3 mm of intense muscle contraction (5 
Hz) Glycogenosis was found to be unimpaired and con­
tracting M-CK-deficient muscles actually exhibited a sig­
nificantly higher glycogen breakdown (p < 0 05) than wild-
type muscles (25 3 ± 3 5 versus 17 3 ± 4 0 μπιοΙ of 
glucose per gram of wet weight, η = 6) Moreover, the 
increase of lactate levels due to the exercise was similar 
in mutants and controls (13 6 ± 4 Oand 15 0 ± 1 1 μπιοΙ 
of lactate per gram ol wet weight, respectively η = 6) 
Energy Metabolite Levels In Resting Muscle 
of M-CK-Deflclent Mice 
The energy metabolite levels in M-CK-deficient muscles 
at rest were studied by means of chemical methods and in 
vivo 3,P nuclear magnetic resonance (NMR) spectroscopy 
(Ackerman et a l , 1980, Heerschap et al , 1988) ATP con­
centrations determined chemically were somewhat lower 
in M-CK-delicient muscles than in wild-type muscles (Ta­
ble 2), although the differences were not significant ADP 
and AMP levels were increased 2- and 8-fold, respectively, 
while the total adenine content (ATP, ADP, and AMP) re­
mained unchanged In contrast, PCr levels were signifi­
cantly lower in normal mice compared with mutants, 
whereas Cr levels were lower in mutant mice Total Cr 
levels (Cr and PCr) were found to be similar 
31
Ρ NMR spectra (available upon request) of intact hind 
limb muscles of anesthetized wild-type and mutant mice 
(n « 6) were acquired The relative peak areas of the PCr, 
ATP, and inorganic phosphate (P) resonances and pH 
values were calculated (Table 3) and found to be equal 
in M-CK-deficient and wild-type mice ADP is not detect­
able by 31P NMR because only free ADP yields a signal 
and most ADP in muscle is tightly coupled to subcellular 
structures like F-actin and mitochondria (Meyer et a l , 
1982, Koretsky et a l , 1985, Chance et a l , 1986) 
In wild-type mice, the PCr/ATP ratio as obtained from 
in vivo3' Ρ NMR (Table 3), which is similar to that reported 
by Dunn et al (1991), is higher than that determined chemi­
cally in clamp-frozen muscle tissue (see Table 2) This is 
a common finding (Ackerman et a l , 1980, Meyer et al , 
1985) that may be explained by energy metabolite 
changes induced by the freezing procedure Activation of 
actomyosin ATPase by Ca2* release has been suggested 
to occur (Meyer et a l , 1985) Rapid ^phosphorylation of 
ADP through the CK reaction then results in a decrease 
of PCr while ATP remains constant Interestingly, the PCr/ 
ATP ratios based on chemical analysis and NMR were in 
the same range in null mutants The most likely explana­
tion for this observation would be that ADP generated by 
Ca2*-activated ATPases cannot be rapidly rephosphory-
lated because ol the blockade in the CK reaction (see 
below) 
It ATP levels measured by chemicals and by NMR are 
assumed to be similar (Ackerman et a l , 1980), then the 
absolute free concentrations of energy metabolites detect­
able by NMR can be calculated from the relative peak 
areas Since both the chemical ATP levels and the relative 
peak areas are not significantly different in mutant and 
wild-type muscles at rest, it follows that the levels of free 
ATP, PCr and Ρ appear to be normal despite the absence 
of MM-CK dimers 
No NMR-Detectable Fluxes through the CK Reaction 
In M-CK-Defleient Muscles at Rest 
It is possible to measure directly the reverse rate of the 
CK reaction in intact skeletal muscles at rest by means 
of the 31P NMR inversion transfer method (Brown and 
Ogawa, 1977) In this technique, a magnetization label is 
quickly applied to PCr (via selective inversion), and the 
subsequent transfer of this label to ATP which results in 
a decrease of the γ-ΑΤΡ signal, is monitored Data of PCr 
inversion transfer experiments on hind limb muscles of 
normal and mutant mice (representing four experiments 
performed in each group) are presented in Figure 3 As 
shown in this line diagram, the γ-ΑΤΡ peak area progres­
sively decreased after PCr inversion in wild-type mice ow­
ing to a rapid transfer of labeled phosphate nuclei f rom PCr 
to ATP In contrast, the area of the γ-ΑΤΡ peak remained 
unchanged in M-CK-deficient mice, implying that no high 
energy phosphates detectable by NMR were being trans­
ferred from PCr to ATP in the absence of MM-CK homodi-
mers Identical results were obtained in γ-ΑΤΡ inversion 
transfer experiments in which the high energy phosphate 
fluxes from ATP to PCr (forward rates ol the CK reaction) 
were measured (data not shown) 
The forward (Κι) and reverse (K,) rate constants of the 
CK reaction in wild-type muscles, as calculated from the 
initial rate of decay of magnetization (Meyer et a l , 1982), 
are 0 36 ± 0 04 and 0 95 ± 0 12 s (η = 4), respectively 
Reaction rates below - 5% of the wild-type values will not 
be detectable by 3'P NMR magnetization transfer methods 
owing to signal to noise limitations (Meyer et a l , 1982) 
Thus, the Κι and К, of M-CK-delicient mice will be reduced 
at least 20-fold compared with those of normal mice From 
the rate constants of wild-type mice, it follows that the 
equilibrium constant (K) of the pseudo-first order CK reac­
tion in normal skeletal muscle is 2 64 ± 0 44 s This К 
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Table 1 Mitochondrial Enzyme Activities in Skeletal Muscle 
of Control and M-CK-Deficient Mice 
Enzyme M-CK Deficient 
Cytochrome с oxidase 
Citrate synthase 
NADH-Or-0Kido reductase 
Succi nate-cytoch rome 
с oxidoreductase 
604 ± 28 
127 ± 32 
47 ± 11 
68 ± 10 
1094 ± 230 
231 ± 27 
71 ± 11 
111 ± 2 2 
Upper hind limb muscles were prepared and homogenized immedi 
ately Enzyme activities (in milhunits per milligram of protein) were 
measured in the 600 χ g supernatant of the homogenate Values 
are means ± SD, η - θ All M-CK-deficient enzyme activities are 
significantly different from controls (p < 0 05) 
Table 2 Chemical Analysis of Energy 
of Normal and M-CK-Dahciant Mice 
Chemical 
ATP 
ADP 
AMP 
ATP+ADP+AMP 
Cr 
PCr 
Cr+PCr 
PCr/ATP 
Control 
7 6 8 ± 0 5 0 
0 76 ± 0 067 
0 036 ± 0 014 
8 68 ± 0 52 
9 31 ± 0 68 
16 22 ± 1 36 
25 53 ± 1 68 
2 06 ± 0 22 
Metabolites in GPS Muscles 
M-CK Deficient 
6 9 5 ± 0 6 4 
1 61 ± 0 08' 
0 284 ± 0 057· 
8 8 4 ± 0064 
6 84 ± 0 56' 
21 67 ± 1 84' 
28 52 ± 2 06 
3 12 ± 0 39· 
Values are means ± SD indicated in micromoles per gram wet weight, 
η = 7 specimens 
• Values of muscles deficient in M-CK that are significantly different 
(p < 0 05) from those of wild-type muscles 
value is consistent with the ratio of PCr/ATP as determined 
by NMR (2 73 ± 0 39) and confirms the near equilibrium 
state of the CK reaction in normal mouse muscle 
PCr Is Hydrolyzed In Contracting 
M-CK-Deficlent Muscles 
Because the energy fluxes between PCr and ATP were 
found to be impaired in M-CK-deficient muscles at rest, 
utilization of the PCr reservoir during periods of muscle 
exercise was expected to be abnormal To our surprise, 
however, in a series of 31P NMR spectra of the lower hind 
leg musculature acquired before, during, and after 1 Hz 
(low intensity) isometric slimulalion for a period of 7 mm, 
the transitions in PCr and P, levels in mutant (n = 4) and 
wild-type mice (n = 4) were found to be indistinguishable 
within the time resolution of the experiment (Figures 4A 
and 4B) In both wild-type and mutant muscles, the ATP 
peak resonance intensities were constant The recovery 
of PCr and Ρ levels after stimulation were also similar 
After 15 mm of muscle recuperation, a second stimulation 
experiment was performed at a higher frequency of con­
traction, 5 Hz, known to be above the steady-state work 
capacity of fast-twitch fibers (Meyer et al , 1985) The PCr 
decline and Ρ build-up were faster than at 1 Hz, but again 
mutants and controls displayed similar patterns of energy 
metabolite changes during periods of exercise and recov­
ery (spectra are available upon request) The intracellular 
pH shifts during periods of muscle stimulation and recov­
ery were determined and found to be comparable in mu­
tant and control mice 
ТаЫе Э Relative Peak Areas (Fraction of the Total Integral) in NMR 
Spectra of Upper Hind Limb Muscles of Control and M-CK-Deficient 
Mice 
Ρ 
PCr 
α-ΑΤΡ 
P-ATP 
γ-ΑΤΡ 
Mean ATP 
PCr/ATP (mean) 
pH 
Control 
0 058 ± 0 017 
0 449 ± 0 029 
0 191 ± 0 015 
0 158 ± 0 013 
0 144 ± 0 006 
0 164 ± 0 007 
2 74 ± 0 21 
7 16 ± 0 06 
Values are means ± SD, η • 6 mice 
the three ATP resonance peaks 
M-CK Deficient 
0 051 ± 0 009 
0 466 ± 0 022 
0 187 ± 0 009 
0 158 ± 0 0 0 9 
0 137 ± 0 005 
0 161 ± 0 005 
2 90 ± 0 16 
7 1 9 ± 0 0 9 
Mean ATP is the average of 
M-CK-Deflclent Muscles Lack Burst Activity 
Finally, to determine skeletal muscle performance in the 
absence of MM-CK dimers, some contractile characteris­
tics of the GPS muscle complex were examined The initial 
isometric maximal twitch force was not significantly differ­
ent in mutant and normal muscles (0 97 ± 0 10 and 0 98 
± 0 18 g per gram of body weight, respectively, η = 7) 
The same holds true for the twitch time to peak tensions 
(41 ± 3 and 39 ± 4 ms in mutant and wild type, respec­
tively, η ж 7), indicating that the ratioofslowtofast myosin 
was normal in mutants During 1 Hz muscle stimulation, 
twitch force slightly declined over a period of 225 s to about 
75% of the initial force in wild-type muscles (Figure 5A) 
Figure 2 Histochemistry and Ultrastructure of Skeletal Muscles From Wild-Type and M-CK-Deficient Mice 
Analysis of wild-type littermales are shown in (A), (C), (E), and (G) and of M-CK-deficient littermates in (B) (D), (F) and (H) 
(A and B) Cross section ol a soleus muscle stained for ATPase after preincubation at pH 4 Э (magnification, 650 χ ) Type 1 fibers show dark 
staining, whereas type 2A and type 2B fibers are unstained 
(C and D) Cross sections of gastrocnemius muscle stained for succinate dehydrogenase activity (magnification, 650 ж ) comparable areas of 
gastrocnemius without type 1 fibers Type 2A fibers (arrows) are stained dark whereas type 2B fibers (asterisks) are stained pale Note that 
diameters of both fiber types are comparable in controls and null mutants 
(E and F) Cross sections of gastrocnemius muscles stained for glycogen (periodic acid-Schiff staining) (magnification, 650 χ ) The glycogen 
content in type 2A (black dots) and type 2B (asterisks) fibers of mice deficient in M-CK is much higher than in the same fiber types of wild-type 
mice Sporadically few type 2 fibers show a low glycogen content 
(G and H) Electron micrographs of longitudinal sections through myofibers of gastrocnemius muscles (magnification, 9500 χ ) In type 2 fibers of 
null mutants, many mitochondria are enlarged however, no ultrastructural abnormalities were noticed in such mitochondria Mutant M lines 
sometimes stained less intensely but appear normal at higher magnification 
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Figure 3 PCr Inversion Transfer Experiments on Upper Hind Leg 
Muscles of Wild-Type and M-CK Delicienl Mice 
Diagram showing the γ ATP peak area as a function of time alter the 
PCr inversion lor a control (open squares) and lor an M-CK-delicient 
mouse (open circles) Note the high reduction of the γ-ΑΤΡ peak area 
in wild-type muscles which is due to continuous transfer of inverted 
Ρ nuclei from PCr γ ATP In contrast the γ-ΑΤΡ peak area did not 
reduce in the case of muscles deficient in M-CK Slopes reflect the 
rates of high energy phosphate transfer Irom PCr to ATP through the 
CK reaction Details of the experiments are presented in Experimental 
Procedures 
In contrast, muscle force quickly dropped to about 80% 
ol the initial force almost immediately after the onset of 
stimulation in mutants During a period of about 2 mm 
thereafter, it slowly increased toward a steady-stale level 
ol 85% The rapid loss of maximal twitch force was even 
more dramatic during high intensity contraction After this 
drop, force first transiently recovered partially and then 
declined further toward 40% In controls, however, the 
decline toward steady-state performance was typically 
preceded by a short period during which maximal force 
could be maintained Mutants developed greater force 
than controls after about 70 s at 1 Hz stimulation and after 
about 25 s at 5 Hz stimulation Besides the improved aero­
bic and anaerobic energy-generating capacity in M-CK-
delicient mice, slightly elevated free levels of ADP may 
also play a role in the maintenance of high force after 
prolonged exercise (Dantzig et a l , 1991) 
The rapid decline in M-CK-deficient muscle perfor­
mance directly at the onset of stimulation was studied in 
more detail by recording the force of the first 24 individual 
muscle contractions Figure 5B shows thai the 20% de­
cline characteristic at 1 Hz stimulation is accomplished 
within the first lour contractions, whereas the 45% reduc­
tion in the case of 5 Hz stimulation occurred within the 
first eight contractions, suggesting that the thermody­
namic efficiency of ATP hydrolysis might be reduced by 
inappropriate local ATP/ADP ratios 
Discussion 
M-CK-deficient mice obtained by targeted deletion of exon 
2 (containing the translation initiation signal) are genuine 
null mutants, as confirmed by the complete absence of 
M-CK mRNA and M-CK protein subunils m skeletal muscle 
and heart tissue Mice without M-CK have lost the ability 
to sustain maximal muscle output during short periods of 
high resistance work Instead they have apparently be­
come adapted for endurance exercise Their phenotypic 
adaptations show the high plasticity of muscle architecture 
and energy metabolism to offset the adverse effects of an 
impaired CK-PCr system However, this does not imply 
that M-CK is dispensable for the species, because the 
much-reduced maximal burst power output of null mu­
tants, necessary for attack or escape, may provide a selec­
tive disadvantage in a natural environment 
Lack of M-CK Affects Fast-Twitch Fibers 
Changes in skeletal muscle fiber size reflecting physiologi­
cal or pathological alterations were not observed in M-CK-
deftcient muscles Nevertheless, skeletal muscles that 
lack M-CK do exhibit a clear energy metabolism pheno-
type restricted to type 2A and 2B fibers A very conspicu­
ous adaptation within these fibers is the development of 
an elaborate mtermyofibrillar mitochondrial network, with 
high numbers of relatively large mitochondria (sometimes 
giant mitochondria) Values for mitochondrial enzyme ac­
tivities and respiratory rates suggested that the potential 
Figure 4 Energy Metabolite Changes dunng 
Contraction and Recovery ol Skeletal Musclée 
Analyzed by 3 Ρ NMR Spectroscopy 
Series of seven 31P NMR spectra (64 free induc­
tion decays 90° pulses 2 s intervals) recorded 
before during, and after 1 Hz (A and Θ) stimula­
tion of the lower hind limb muscles of a normal 
(A) and an M-CK-deflcient (B) mouse The order 
in which the spectra were taken is from the 
bottom upward All together &4 scans four 
dummy scans, and Ihe date storage time in the 
computer yielded a time resolution of 140 s per 
spectrum Peak assignments are shown in ine 
ligure The speclra recorded dunng muscle 
work are marked by a bracket 
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Figure 5 Muscle Performence of Mice Deficient in M-CK 
(A) The isometric twitch force (given as the percentage of the initial 
twitch force) of GPS muscle complexes during 1 and 5 Hz stimulation 
tor 225 s Shown are means ( ± SD) of seven muscles Open squares 
wild type muscle force at 1 Hz closed squares wild-type muscle force 
at 5 Hz, open circles M-CK-deficient muscle torce al 1 Hz closed 
ordes, M-CK-dehcienl muscle lorce at 5 Hz 
(B) Isometric Iwilch force Ol the lirst 24 contractions of GPS muscle 
complexes during 1 end 5 Hz stimulation Shown are means ( ± SD) 
of seven muscles Symbols are as indicated in (A) 
for aerobic energy generation in the entire upper hind limb 
musculature of mutants had increased approximately 
2-fold, which is consistent with their improved endurance 
performance during low intensity exercise Our biochemi-
cal experiments did not allow us to discriminate accurately 
among the metabolic profiles of each of the three fiber 
types, but since no overt mitochondrial alterations were 
noticed in type 1 fibers, the results most likely reflect the 
mitochondrial volume expansion in type 2 fibers, as as-
sessed microscopically 
The expansion of the mitochondrial network in mutant 
type 2 fibers results in a considerable reduction of diffusion 
distances between mitochondria and myofibrils This ap-
pears to be an adaptation toward increased energy trans-
port directly via ADP and ATP molecules, further sug-
gesting that transport via the PCr shuttle (Bessman and 
Geiger, 1982) functions insufficiently In particular, diffu-
sion of ADP is limited in muscle cells, and the distances 
between the sites of ATP production and consumption 
must therefore be small (Meyer et al , 1984) The radius 
of action of an ADP molecule produced at a certain location 
in a normal muscle fiber may be as low as 1 8 μπι (Yoshi-
zaki et a l , 1990) However, this radius may be larger in 
mutant muscles, because it is influenced by the turnover 
rate of ADP through the CK reaction, this was found to 
be very much reduced in M-CK-deficient muscles 
Alternatively, it could be argued that the increased aero­
bic potential of mutant fibers might be induced by a de­
creased energy production via anaerobic pathways (Meyer 
et a l , 1986) and therefore be a secondary effect of M-CK 
deficiency However, similar lactate concentrations were 
present after a period of high intensity muscle contraction, 
suggesting that anaerobic breakdown of pyruvate was not 
impaired Furthermore, exercising mutant mice, which ac­
cumulate up to 60% more glycogen selectively in their fast 
fibers, consume more glycogen than wild-type animals, 
demonstrating also that glycogenosis was not ham­
pered Products of glycogen hydrolysis do follow the glyco­
lytic pathway, since no abnormal accumulation of phos-
phomonoesters was noticed in NMR spectra acquired at 
5 Hz stimulation 
The Role of M-CK In the CK-PCr System 
of Skeletal Muscle 
Consistent with the situation in other mammalian species 
(Shoubndge et a l , 1984, Hsieh and Balaban, 1988). a 
rapid exchange of high energy phosphates between PCr 
and ATP through the CK reaction is observed in wild-type 
mice at rest In contrast, no such flux is detectable by 
means of NMR in resting muscles of M-CK-deficient mice 
Since the expression of the Mi-CK isoform was not im­
paired in mutant muscles, our inversion transfer experi­
ments provide evidence that MM-CK is the most important 
catalyst in the phosphate exchanges detectable by NMR 
in normal muscles at rest Despite the dramatic reduction 
ol the CK reaction rates in muscles without M-CK, PCr 
and ATP levels appeared to be normal, indicating that 
both energy metabolites are still close to equilibrium levels 
(Veech et al , 1979, Gadian et al ,1981) 
Most strikingly, transitions in PCr and P, content in re­
sponse to exercise are similar in mutants and controls, at 
least within the time blocks of 140 s set by the experimental 
conditions Recovery rates ol PCr and P, levels after mus­
cle stimulation had stopped were also found to be compa­
rable It is possible to explain the normal recovery rates 
in M-CK-deficient muscles by replenishment of hydrolyzed 
PCr via the Mi-CK reaction, which is probably fully func­
tional since it is catalyzed by Mi-CK But how do exercising 
M-CK-deficient muscles use PCr as an energy reserve? 
Net PCr hydrolysis in contracting muscles is presumed to 
occur at subcellular compartments, such as the sarco­
mere A band (Wallimann et a l , 1992), where ATPase ac­
tivity is high and the CK reaction is displaced from equilib­
rium The possibility that PCr breakdown at the sarcomertc 
A band is a noncatalyzed event, driven by energy metabo­
lite levels displaced far from equilibrium concentrations, 
is unlikely, since the in vitro rates of the CK reaction are 
known to be extremely slow in the absence of CK (Meyer 
stal ,1982) Although it is possible that another CK isoform 
could take over the functional properties of MM-CK during 
muscle work, we observed no expression of BB-CK and 
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only a relatively small increase of Mi-CK, which is probably 
inadequate to account for the maintenance of the CK reac­
tion Still, we cannot exclude the possibility that PCr enters 
the mitochondria, where it might be hydrolyzed via the 
reaction catalyzed by Mi-CK The lack of magnetization 
transler observed in M-CK-deficient muscles does nol ex­
clude this because the Mi-CK reaction might be silent in 
an inversion transfer NMR experiment (Koretsky et al , 
19Θ5, Zahlerand Ingwall, 1992) Furthermore, the possibil­
ity exists that some Mi-CK might undergo false routing 
toward the sarcomenc M band Finally, it is also conceiv­
able that an (as yet unknown) enzyme with kinase activity 
might catalyze the energy transfer from PCr to ATP What­
ever the pathway of PCr hydrolysis in mutant mice, it is 
unable to restore completely the functional loss of MM-CK, 
as can be concluded from the dramatic decline in twitch 
force immediately after the first muscle contraction This 
phenomenon may be explained by a reduction of local 
ATP/ADP ratios affecting the thermodynamic efficiency of 
ATP hydrolysis In normal muscles, MM-CK associated 
with the M band has been proposed to act as a low thresh­
old ADP sensor that catalyzes the rapid regeneration of 
ATP from ADP and PCr at subcellular sites of high ATPase 
activity (see Wallimann et al , 1992) At similar sites in 
M-CK-deficient muscles the CK reaction can be rapidly 
displaced from equilibrium, since the forward rate of the 
CK reaction is reduced at least 20-fold Consequently, this 
will result in a more rapid decline of local ATP levels and 
build-up of ADP In this situation, the free energy of ATP 
hydrolysis may drop below that necessary for sustained 
maximal muscle performance (Mamwood and Rakusan, 
1982, Meyer et al , 1984, Dantzig et a l , 1991) 
Fluxes through the CK reaction have been shown to be 
nearly the same in resting and exercising human forearm 
muscles (Rees et al 1989) If this also holds true for 
mouse muscles, it implies that in contracting M-CK-
deficient muscles, the total energy fluxes through the CK 
reaction will still be below a level that is detectable by 
NMR Therefore, although the transitions in PCr levels 
may appear normal in contracting mutant muscles, their 
net high energy phosphate Mux from PCr to ATP can still 
be significantly smaller than that in wild-type muscles 
Comparison of M-CK Deficiency and Cr Depletion 
The role of the CK-PCr system has also been extensively 
studied by feeding rats with the Cr analog GPA (Fitch et 
a l , 1974), which acts as a competitive inhibitor of trans-
sarcolemmal transport (Fitch and Chevli, 1980) GPA re­
duces the cellular levels of total Cr, PCr, and ATP about 
12-, 10-, and 2-fold, respectively (Shoubndge and Radda, 
1984,1987, Meyer et a l , 1986), affecting the CK-PCr sys­
tem at its substrate site Instead of PCr, large amounts 
of phosphorylated GPA accumulate in skeletal muscle 
However, as a substrate for CKs, phosphorylated GPA 
has a 2-fold higher Km and a 300-fold reduced Vm„ com­
pared with PCr (Chevh and Fitch, 1979) As in M-CK-
deficient mice, the energy fluxes through the CK reaction 
are also reduced in GPA-fed rats but in a different way 
and to a different extent The lack of M-CK specifically 
affects the rates (at least a 20-fold reduction) of energy 
phosphate exchange between PCr and ATP In contrast, 
reaction rates remain unaffected in GPA-fed rats, and the 
12-fold reduction of the PCr and Cr levels is accompanied 
by a 12-fold reduction of fluxes through the CK reaction 
(Shoubndge and Radda, 1984, Meyer et al , 19Θ6) The 
CK-PCr system may still function adequately in muscles 
of GPA-fed rats (Wallimann et al , 1992), since PCr levels 
are still in the Km range of MM-CK associated with the 
myofibrillar M band (Saks et al , 1976) and sufficient to 
support maximal energy fluxes from mitochondria to myo­
fibrils (Jacobus, 1985) 
M-CK deficiency and GPA feeding both result in a variety 
of adaptive alterations in skeletal muscles that are interest­
ing to compare Both models display an enhanced aerobic 
potential of Fast-twitch fibers (Shoubndge et a l , 1985), 
however, Cr-depleted fibers do nol exhibit an expanded 
intermyofibrillar mitochondrial network (Gori et a l , 1988) 
as do null mutants Instead, the enhanced mitochondrial 
enzyme activities in muscles with GPA may involve an 
increase in the size of subsarcolemmal mitochondria Al­
ternatively, because GPA feeding results in a substantial 
reduction in the average size of fast fibers, the increased 
aerobic capacity might reflect a fiber size reduction without 
accompanying mitochondrial changes (Shoubndge et a l , 
1985) Moreover, type 1 fibers of GPA-fed rats show para-
cnstalline inclusions in a large proportion of their mito­
chondria (Gori et a l , 1988) that were not (or were only very 
occasionally) noticed in muscles of mice lacking M-CK 
Transformation of type 2 into type 1 fibers, as observed 
m the soleus muscle of GPA-treated rats, did not occur 
in null mutants 
Both models exhibit an increased glycogen content in 
their fast fibers (Shoubndge et a l , 1985) It has been sug­
gested that increased glycogen levels in GPA-loaded mus­
cles result from impaired activation of glycogenolytic path­
ways, glycolytic pathways, or both (Meyer et a l , 1986), 
because glycogen breakdown, lactate formation, and ac­
cumulation of P, were highly reduced during 5 Hz muscle 
stimulation and because a high Ρ build-up is supposed 
to be required for activation of both anaerobic pathways 
(Davulun et a l , 1981) If this is the case, the increased 
aerobic capacity of GPA-loaded fast fibers mentioned 
above might even be a primary response to a reduced 
anaerobic potential rather than to Cr depletion Con­
versely, M-CK-deficient mice show no clear signs of an 
impaired activation ol glycolysis and glycogenosis or of 
anaerobic breakdown of pyruvate to lactate 
Although the general phenotype of M-CK-deficient mice 
and GPA-fed rats is essentially different in many ways, 
the physiological performance of their GPS muscle com­
plexes display some notable similarities (Meyer et a l , 1986) 
First, in both animal models, the initial isometnc twitch 
force is unaltered compared with control animals Second, 
their twitch force rapidly declines after the onset of muscle 
stimulation Unfortunately, the force of individual twitches 
at the start of muscle exercise has not been described in 
Cr-depleted rats, so we cannot make further comparisons 
Third, the adaptations in M-CK-deficlent and GPA-fed ani­
mals seem to improve muscle endurance performance 
Both animal models together serve to underscore the sur-
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prisingly high plasticity of muscle cell architecture to adapt 
to genetically or chemically induced changes in energy 
supply pathways, and both models emphasize the impor­
tance of the CK-PCr system in the transient maintenance 
of maximal muscle power at the start of muscle work 
Ejtpertmental Procedures 
Generation of M-CK-Deftctont Mice 
M-CK null alleles were generated by gene targeting in the 129SvE-
derived ES cell line AB-1 (McMahon and Bradley, 1990) as previously 
described (van Deursen and Wiannga, 1992) Two additional probes 
(a 5' M-CK probe located external lo Ine 5' end ol (he targeting vector 
and a probe with specificity for the replaced 0 9 kb EcoRI-EcoRV 
fragment) and additional digestion with Xbal were used to confirm 
further the integrity of the homologous recombination events (data not 
shown) Targeted clones were injected into C57BL/6 recipient blasto­
cysts, and 8-16 embryos were transferred into the uterine horns of 
(C57BL/6 χ CBA/Ca)Fi pseudopregnant mothers (Bradley, 1967) 
Chimeric animals were Identified by the agouti coat color Male chime­
ras were mated with C57BL/6 females, and germline transmission was 
scored by coat pigment Tail biopsies of agouti offspring were screened 
for the presence of the disrupted M-CK gene by Soulhern blot analysis 
as previously described for the identification of the targeted ES cell 
clones (van Deursen and Wiennga, 1992) Genomic tail DNAs were 
prepared as described by van Deursen et al (1992) Mice heterozy­
gous for the M-CK mutation were Interbred, and null mutants on a 
(C57BL/6 χ 129Sv) hybrid genetic background were obtained The 
phenotypic alterations observed in these null mutants, which are pre­
sented in this paper, were uniform and showed complete penetrance 
To assay the M-CK mutation in an inbred genetic background, the 
chimeric males that transmitted the mutation in their germline were 
bred with strain 129Sv females Most examinations outlined lor Ihe 
(C57BL/6 χ 129Sv) hybrid null mutants were also performed on the 
129 null mutants obtained by breeding All phenotypic adaptations 
studied (e g , changes in expression of CK isoenzymes aerobic and 
anaerobic energy metabolism, muscle architecture, and muscle per­
formance) were found to be exactly the same m 129Sv and hybrid null 
mutants 
Northern Analysis 
RNAs from mouse skeletal muscle, heart, and brain were extracted 
and analyzed by Northern blot analysis according to standard proce­
dures (Sambrook et al , 1989) Blots were subsequently probed with 
a genomic 0 9 kb EcoRI-EcoRV fragment of the M-CK gene spanning 
exon 2 and part of Introns 1 and 2, a genomic 0 9 kb BamHI-EcoRI 
M-CK probe containing exon 6 and parts of introns 5 and 6. and a 1 3 
kb Peti glyceraldehyde-3-phosphale dehydrogenase (GAPDH) cDNA 
probe (Fort et al , 1985) 
Histochemistry and Electron Microscopy 
Mutant and wild-type littermates (10-12 weeks old) were anesthetized 
(using 2,2,2-trlbromoethanol. 0 2 mg per gram of body weight, injected 
Intraperitoneal^) pnor to the removal of hind leg skeletal muscle and 
heart muscle tissues For histochemistry, the tissues were quickly 
frozen to -150°C in liquid nitrogen-chilled isopentane, and cross 
sections (θ μπι) of the GPS muscle complex, semimembranosus mus­
cle, and myocardial (issue were cut in a Microm HM/500 OM cryostat 
(-20*C) Serial sections were stained for succinate dehydrogenase, 
myosin-ATPase (pH 4 3, 4 6, and 10 θ), and glycogen according to 
standard histochemical procedures (Llllie and Fulmer, 1976) Sections 
were examined and photographed with a Leitz Orthoplan using Ekta­
chrome 64-T color reversal film (Kodak). 
For transmission electron microscopy, the individual muscles of 
the GPS complex were dissected during immersion fixation with 2% 
glutaraldehyde in 0 1 M phosphate buffer (pH 7 4) (330 mosm) The 
specimens were orientated longitudinally for prolonged overnight fixa­
tion at 4°C and rinsing (3 hr overnight) in 0 1 M phosphate butter at 
4°C Postfixalton was carried out in the same buffer supplemented 
with 1% osmium tetroxide at 4°C for 1-2 hr The tissues were then 
rinsed twice in the same buffer and at the same temperature for at least 
1 hr Dehydration was performed in an ascending series of aqueous 
ethanols, and tissues were transferred via a mixture of propylene oxide 
and Epon to pure Epon 612 as embedding medium Ullrathin gray 
sections were cut, contrasted with aqueous 3% uranyl acelate, rinsed 
and counter st am ed wrih lead citrate, air dried, and examined in a 
Philips electron microscope EM 300 
Enzyme Activity Assays 
Suspensions for analyses of enzyme activities were prepared from 
whole upper hind leg muscles, heart ventricle, and entire brain tissue 
of mice at the ages of 10-12 weeks Freshly excised tissues were 
homogenized with a teflon-glass Potter-Elvehjem homogenizer in 
1 10 dilution (w/v) of buffer containing 50 U/ml heparin, 250 m M su­
crose. 2 mM EDTA, and 10 mM Tns-HCI at pH 7 4 (4°C) For CK 
isoenzyme analysis, homogenales were diluted 5-fold with 0 05% 
(v/v) Triton X 100 in 20 mM phosphate buffer (Smeitmk et al 1992) 
After 1 hr incubation at room temperature followed by centrifugaron 
at 14,000 rpm for 30 mm at 4°C, samples were applied to cellulose 
acetate membranes and resolved by electrophoresis (200 V for 30 
min) in Tns-barbital buffer (pH 8 6) Subsequently, the CK isoenzymes 
were visualized by staining for CK activity as described previously (van 
Deursen et al , 1991) Mitochondrial enzyme activities and oxidation 
rates were measured in 600 χ g supernatants made from the skeletal 
muscle homogenales NADH-Ог oxidoreduclase, NADH-Q, oxidore-
ductase, and succinate-cytochrome с oxidoreduclase activities were 
determined as previously described (Fischer et al ,1966) Cytochrome 
с oxidase and citrate synthase activities were determined by the meth­
ods of Cooperstem and Lazarow (1951 ) and Srere (1969) respectively 
Rates of [l-"C]pyruvate plus malate oxidation were measured ac 
cording to Fischer et al (1986) 
Assays of Metabolite Concentrations 
Mice were anesthetized with 2 2,2-tnbromoethanol Left and right GPS 
muscle complexes were exposed and clamp frozen in brass tongs 
precooled in liquid nitrogen either immediately or after isometric supra­
maximal contraction of the left muscle complex at a frequency of 5 
Hz for 160 s via electrostimulation of the sciatic nerve Muscles frozen 
in nitrogen were pulverized in a mortar cooled with dry ice and mixed 
with cold alcoholic perchloric acid Glycogen lactate ATP ADP.AMP. 
PCr, and Cr were determined by standard enzymatic analyses (Berg 
meyer, 1974) 
"P NMR 
M-CK-deficient and wild-type male mice. 12-16 weeks old and 
weighing 25 ± 3 g. were anesthetized with 1%-2% enflurane in 30% 
O], 70% NÎO delivered through a face mask During experiments, the 
body temperature of the animals was maintained at 37°C ± 1 °C All 
"P NMR spectra of mouse hind limb muscles were acquired at 81 
MHz on a Bruker WM 200 vertical wide-bore spectrometer using a 
three-turn copper wire ΉΡΨ double-tuned solenoid type of coil with 
an inner diameter of 8 mm and a height of 6 mm (Heerschap et al , 
1988) During the experiments, the mouse head was placed in an 
upright position The field was shimmed using the proton signal from 
muscle water A proton line width of 0 2-0 3 ppm was routinely ob­
tained 
Fully relaxed 3IP NMR spectra of the upper muscles of the mouse 
hind leg were collected with an 6 s repetition rate using a 70° pulse 
of 17 us Increasing the delay to 15 s had no effect on metabolite 
ratios Chemical shifts were recorded as parts per million relative to 
(he PCr peak resonance pH was calculated from the chemical shift 
ol Ρ as described by Heerschap et al (1968) 
In inversion transfer experiments, the mouse leg was positioned in 
the coil such that un contaminated signal from the upper hind limb 
musculature was detected The experiments were performed with a 
pulse repetition time of θ s For selective inversion of the PCr and γ-ATP 
resonances, a rotatmg-phase DANTE (delays alternating nutations for 
tailored excitation) pulse with a duration of 10 ms was used The 
DANTE pulse was a 20-pulse rotating phase pulse tram with interpulse 
delays to match the frequency separation between the carrier and the 
resonance to be inverted (Blondel et al , 1987) The time and power 
of the DANTE pulse were empirically chosen to maximize the inversion 
of the desired species without bleeding over into the resonance of its 
exchange partner After the 180° inversion, a delay time was intro­
duced before the read pulse at 70e This delay time was varied between 
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0 5 and ЭОО ms Control spectra were obtained by repeating the expen 
ment with the selective inversion set at a frequency symmetrically at 
the other side of the resonance of the exchanging partner Exchange 
rate constants were calculated from the initial rate of the signal decay 
as described by Meyer et al (1982) and Hsieh and Balaban (1988) 
For J 'P NMR experiments during muscle contraction, the sciatic 
nerve of a hind leg was exposed by an approximately 5 mm wide 
incision on the lateral aspect of the hip and blunt dissection of the 
overlaying muscle A bipolar platinum electrode was placed around 
the exposed nerve The electrode was insulated from surrounding 
tissues by a plastic strip (Kushmenck and Meyer 19Θ5) The lower 
hind limb was fixed in the solenoid coil lo permit isometric muscle 
contraction upon electrostimulation of the sciatic nerve 31P NMP spec­
tra were acquired with a 2 s pulse interval in blocks of 64 scans each, 
with four dummy scans between each block, giving a time resolution 
01 140 s per spectrum Immediately after acquisition of a first NMR 
spectrum of muscles at rest, the scialic nerve was stimulated with a 
frequency of 1 Hz for 7 mm (supramaximal square pulses o( 2 ms 
duration and 15 V) During this period of muscle exercise, three spectra 
were acquired Then muscles were allowed to recover for 15 mm 
During the first 7 mm of the recovery period three additional spectra 
were sampled (Meyer et al , 1966) After this recuperation, succes­
sively two spectra of resting muscle, one spectrum during 5 Hz stimula 
tion via the sciatic nerve and four spectra during muscle recovery 
were monitored 
The NMR spectra were analyzed using the NMRI software package 
The summed free induction decays were multiplied by an exponential 
corresponding to 20 Hz line broadening before Fourier transformation 
Peak areas were measured by Lorentzian curve-fitting procedures 
after baseline correction 
Muscle Force Measurement« 
Female mice of 10-12 weeks of age and weighing 21-25 g were anes 
thetized with 2,2 2-tnbromoethanol as described above The body tern 
perature was maintained at 35*C ± 1°C The hind leg was fixed 
between a pair of brass posts at the point of the condyli of the femur 
The distal tendons ol the GPS muscles were prepared free and con­
nected to a force transducer (Slatham transducing cell UC2) (Degens 
el al 1993) The position of the transducer was ad|usted to give maxi­
mum twitch tension of isometncally contracting muscles in response 
to supramaximal stimulation (square pulses of 15 V and 2 ms duration) 
via the sciatic nerve using a bipolar platinum electrode We determined 
successively the maximal twitch force and twitch peak tensions of 
three single muscle contractions the twitch force of the first 24 contrac­
tions at 1 and 5 Hz stimulation, the twitch forces during 225 s of 1 Hz 
stimulation, and (after muscles were allowed to recover for 10 mm) 
the twitch forces during 225 s of 5 Hz stimulation (Meyer el a l , 1986) 
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Abstract 
To understand better the role of the creatine kinase/phosphocreatine (CK/PCr) 
system in muscle bioenergetics a series of mouse mutants with subnormal M-CK 
expression has been generated. Skeletal muscles of mice deficient in M-CK (M-
CK') lack burst activity, energy flux through the CK reaction is highly reduced 
and fast fibers have an increased intermyofibrillar mitochondrial volume and 
glycogenolytic/glycolytic potential. Here we describe the phenotypes of M-CK 
mutant mice which carry a targeted insertion of a hygroB-poly(A) resistance 
cassette in the second M-CK intron. Mice homozygous for this M-CK allele (M-
CK1") have a 3-fold reduction of muscle MM-CK activity, while compound 
heterozygotes with the leaky and the null M-CK allele (M-CK") display a 6-fold 
reduction. Fast fibers of both mutants have no increased glycogen content or 
glycogen consumption. The intermyofibrillar mitochondrial volume of these 
fibers is also normal, suggesting that energy transport via the CK/PCr system 
may function at low MM-CK levels. Conversely, the flux of energy through the 
CK reaction is still not visible by means of 3 1P nuclear magnetic resonance 
(NMR) spectroscopy, indicating that relatively high levels of M-CK expression 
(more than 3 4 % of normal) are required to generate CK fluxes detectable by this 
technique. The ability of muscles to perform burst activity is also subnormal and 
closely correlates with the level of M-CK expression, indicating that MM-CK is 
important for maximizing muscle activity. 
Introduction 
CK isoenzymes (EC 2.7.3.2) are abundantly present in cells and tissues with 
high and fluctuating energy demands, such as skeletal muscle, brain and heart, 
where they catalyze the exchange of high-energy phosphates between PCr and 
ATP via the reaction: PCr + ADP + H~ ** Cr + ATP (for reviews, see refs. 1, 
2) Substrates and enzymes involved in the CK reaction together form the so-
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called CK/PCr system. The role of the CK/PCr system in cellular energy 
metabolism has extensively been studied in skeletal muscle The cellular PCr 
pool is primarily considered to function as an energy store that buffers changes 
in ATP levels during periods of muscle exercise by replenishing hydrolyzed ATP 
via the CK reaction catalyzed by MM-CK (3, 4). In addition, the CK/PCr system 
is presumed to play a key role in the transport of energy between subcellular 
sites of ATP production and consumption, in which PCr and Cr act as the 
shuttle molecules (5). In this model, ATP generated by oxidative phosphorylation 
in mitochondria or by glycolysis in sarcomenc l-bands is used to phosphorylate 
Cr In the mitochondria this reaction is catalyzed by Mi-CK (2) and in the 
sarcomenc l-bands by MM-CK loosely associated wi th glycolytic enzyme 
complexes (6). PCr molecules formed at both subcellular sites then diffuse to 
the myofibrillar M-line (4), the sarcoplasmic reticulum (7, 8) or the sarcolemma 
(9), where they serve to replenish hydrolyzed ATP wi th MM-CK as the 
catalyzing agent Finally, creatine diffuses back to the sites of ATP synthesis for 
its rephosphorylation 
We have previously described a null mutation generated in the M-CK gene 
that was introduced into the germline of mice (10) Mutant mice deficient in M-
CK are viable and exhibit no overt abnormalities. Though their maximal muscle 
force is normal, they lack the ability to sustain maximal muscle output during 
short periods of high-resistance work. Interestingly, mutant muscles appear to 
develop better endurance performance Fast-twitch (type 2A and 2B) fibers 
selectively exhibit an increased intermyofibrillar mitochondrial volume and an 
increased glycogenolytic/glycolytic potential PCr and ATP levels and the ability 
to hydrolyze PCr during contraction are normal in muscles without MM-CK, 
despite a considerable reduction of energy flux through the CK reaction (at least 
20-fold below normal). These findings demonstrate a crucial physiological role 
of the CK/PCr system in burst performance and show the high plasticity of 
cellular architecture and energy metabolism of muscle tissue 
The complexity of the phenotypic alterations in mice without M-CK is 
such that the direct consequences of gene inactivation may be obscured by 
possible secondary effects This addresses a common problem in approaches 
where complete gene ablation is used to study in vivo functions of genes (for 
examples, see refs. 11-14). Functions of genes may be better resolved if effects 
of a series of mutations are evaluated (15-17). Here we report a mutation in the 
M-CK gene that resulted from an unpredicted targeted insertion of a hygroB 
poly(A) resistance cassette in the second M-CK intron In mice homozygous for 
this mutation (M-CK'"), muscle MM-CK activity is reduced approximately 3-fold. 
By crossing M-CK'" mice with null mutants, offspring was generated with 6-fold 
reduced MM-CK activity. Phenotypic alterations in both M-CK mutants were 
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analyzed and compared to those of M-CK + / + , M-CK+'" and M-CK"'" mice. 
Materials and Methods 
Generation of M-CK1" Mice 
AB-1-822 ES cells cultured on SNLH9 feeder cells (1 8) were injected into 3.5 days post coitus 
(dpc) C57BL/6 host blastocysts and implanted into the uterine horns of 2.5 dpc pseudopregnant 
C57BL/6 χ CBA females as described (10). Male chimeras were bred to C57BL/6 females and 
germline transmission of the mutant allele was assessed by Southern blot analysis of DNA 
isolated from tail biopsies of agouti progeny. 
Southern and Northern Analysis 
Genomic DNAs were isolated from tail biopsies or spleens and Southern blot analyses were 
performed as previously described (19). Blots were subsequently probed with 3'-M-CK (18), 
M-CK-ATG (10), 5'-M-CK (10) and Hygro (18). Total RNA was isolated from skeletal muscle 
and heart (20). Northern blots were prepared and subsequently probed with M-CK-ATG and 
GAPDH as previously reported (10). 
Histochemistry 
Cross sections of gastrocnemius-plantans-soleus (GPS) muscle groups were stained for 
succinate dehydrogenase (SDH) activity as described in ref. 10. 
Enzyme Activity and Energy Metabolite Analyses 
Tissue extracts for analysis of enzyme activities were prepared by homogenizing freshly excised 
whole upper hind leg muscles and heart ventricle in a teflon-glass Potter-Elvehjem homogenizer 
in 1:10 dilution (w/v) of buffer containing 50 U/ml heparin, 250 mM sucrose, 2 mM EDTA and 
10 mM Tris-HCI at pH 7.4 (4 °C). For CK analyses, homogenates were diluted 5-fold with 
0 0 5 % (v/v) Triton X-100 in 20 mM phosphate buffer, incubated 1 hr at room temperature, 
centrifuged at 14,000 rpm for 30 mm at 4 °C and supernatants were subsequently loaded on 
cellulose acetate. Electrophoresis and specific CK activity staining were performed as given in 
ref. 19. Total CK activity in the skeletal muscle supernatants was measured at 30 °C on a 
COBAS-Mira analyzer (Hoffman La Roche, Basel) using a CBR-CK NAC-activated kit (No. 
475742, Boehnnger, Mannheim) (22). Cytochrome с oxidase (COX) and citrate synthase (CS) 
were measured as described (10). 
ATP and glycogen (before and after muscle exercise) were quantitated by standard 
enzymatic analyses as described (10). 
NMR Spectroscopy 
31P NMR PCr inversion transfer experiments on upper hind limbs muscles of M-CK + ', M-CK"1 
and M-CK" mice at rest (n = 4 in each group) were performed as described in detail in ref. 10. 
At the beginning of each experiment, a fully relaxed spectrum was collected to determine the 
relative peak areas of y-AJP, σ-ΑΤΡ, 0-ATP, PCr and P,. 
Muscle Force Measurements 
Muscle force measurements were carried out as described (10). We determined successively 
the maximal twitch force of three single contractions and the twitch force of the first 24 
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contractions at 5 Hz electrostimulation. 
Results 
Generation of the M-CK'Allele and M-CK" Mice 
In a previous report (18) we have described the targeted inactivation of the M-
CK gene in AB-1 ES cells using an isogenic vector (129-pRV8.3), which was 
designed to replace part of introns 1 and 2 and exon 2 of the M-CK gene (0.9 
kbp) by a hygroB-poly(A) resistance cassette (2.0 kbp). In total 25 independent 
targeted clones were identified by direct Southern blot analysis using a 3' 
external M-CK probe (probe З'-M-CK in Fig. 1A). With this probe, all targeted 
clones yielded a wild-type - 1 8 . 0 kbp Kpnl fragment and a mutant 10.7 kbp 
Kpnl fragment (see also Fig. 1 F). However, when an exon 2 probe (probe M-CK-
ATG in Fig. 1 A) was used to verify further the integrity of the homologous 
recombinations, we observed that one of the targeted clones (AB-1 -822) carried 
an unexpected 9.1 kbp Kpnl fragment, suggesting that exon 2 sequences were 
still present in the targeted allele of this clone (Fig. 1E and F, panel M-CK-ATG, 
lane l/l). Subsequent analysis with t w o additional probes, a 5' external probe 
(probe 5'-M-CK in Fig. 1 A) and a hygroB probe, and additional digestions with 
EcoRI/EcoRV (Fig. 1 F) and EcoRI (not shown) revealed that the hygroB-poly(A) 
resistance cassette had inserted into intron 2 without replacing the 0.9 kbp M-
CK gene fragment containing M-CK exon 2. The presumed structure of the 
incorrectly targeted M-CK allele in clone AB-1-822, referred to as M-CK', is 
illustrated in Fig. 1С. 
AB-1-822 ES cells were injected into 3.5 dpc C57BL/6 blastocysts and 
chimeric mice transmitting the M-CK' allele to their offspring were obtained. 
Heterozygous mutants, when interbred, yielded progeny homozygous for the M-
CK'allele at the expected frequency of 1:4. M-CK'" mutants were viable and 
displayed no overt abnormal phenotype. Southern blot analyses of tail DNAs 
from M-CK'", M-CK·'", and M-CK+ / + mice are shown in Fig. 1F. 
• Figure 1. Mutations in the Mouse M-CK locus Introduced by Gene Targeting. Schematic 
diagrams showing the genomic structures of (A) wild-type M-CK, (B) inactivated M-CK and (C) 
M-CK with an insertion of the hygroB-poly(A) cassette in the second M-CK intron. Numbers 
above black boxes indicate M-CK exon sequences 1 to 8, solid bars denote the positions of the 
5'-M-CK, M-CK-ATG, З'-M-CK and hygroB specific probes. The 3' untranslated region of the 
hygroB resistance cassette is marked by a shaded box. (D) Possible splicing events involved in 
the generation of mRNAs encoded by the M-CK' allele. (E) Table of approximated fragment sizes 
(kbp) hybridizing to the four probes indicated above (F) Southern blot analyses of DNA from 
controls ( + / + ), mice homozygous for the inactivated M-CK allele (-/-) and mice homozygous 
for the M-CK' allele (l/l) At the left site the positions of DNA fragments (Hindlll digested phage 
lambda DNA) are indicated in kbp. Abbreviations E, EcoRI, K, Kpnl and R, EcoRV. 
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M-CK-mRNA Levels and MM-CK Activity in Muscles of M-CK" and M-CK" Mice 
In theory, the M-CK' allele can encode two kinds of mRNA (Fig 1D) if 
transcription initiation is mediated via the M-CK promoter region. A M-CK-
hygroB fusion messenger ( - 2 6 0 0 nucleotides (nt)) may be derived from a 
primary transcript if the first polyadenylation site, the hygroB-poly(A) site 
located in the second M-CK intron, is used. An otherwise fully normal 141 5 nt 
M-CK mRNA (23) may be produced if transcription proceeds beyond this site 
and the native M CK polyadenylation signal is used, provided that the hygroB 
gene sequences are correctly excised from the primary transcript by splicing. 
Northern blots of RNA isolated from skeletal (Fig 2A) or cardiac muscle (not 
shown) of M-CK'" mice hybridized with a mouse M-CK exon 2 probe showed 
expression of the normal 1415 nt M-CK mRNA, although, at a much reduced 
intensity In both tissues the anticipated M-CK-hygroB fusion RNAs were 
undetectable even after prolonged exposure, indicating that such transcripts 
were either not formed or were not stable 
To study the effects of reduced M-CK mRNA production at the protein 
level, we first analyzed the CK isoenzyme composition of M-CK"' muscles using 
zymogram-electrophoresis in combination with specific CK activity staining (19). 
As shown in Fig. 2B, MM-CK activity is much lower in skeletal muscle of M-CK'" 
mice than in skeletal muscle of controls. Comparable results were obtained wi th 
cardiac muscle (data not shown) Activities of the other CK isoforms were 
normal in M-CK'" mice (see legend Fig 2B), suggesting that reduced MM-CK 
activity did not affect the levels of other members of the CK family; even the 
approximately 2-fold increase of Mi-CK activity observed in skeletal muscles of 
null mutants (10) was not noticed. 
We sought to determine whether the expression levels of M-CK could be 
reduced further by crossing M-CK'" and M-CK ' mice. Heterozygous M-CK" mice 
were generated and levels of muscle M-CK-mRNA and MM-CK activity were 
analyzed as described above As expected, levels of M-CK-mRNA and MM-CK 
activity in skeletal (Fig. 2A and B) and cardiac (not shown) muscles of M-CK" 
mice were found to be reduced below those of the corresponding muscles of M-
CK"' mice Again activities of other CK isoforms were similar to controls. 
The reductions of skeletal muscle MM-CK activity shown in Fig. 2B were 
quantitated more precisely by measuring the total CK activities (Table 1) wi th 
a standardized CK activity assay (22). In all genotypes, the total muscle CK 
activity represents the sum of MM-CK and Mi-CK activities (traces of BB-CK 
activity are negligible) except for M-CK' mice where the total CK activity is 
equal to the Mi-CK activity If we assume that muscle Mi-CK activities of M-
CK + / + , M-CK+ / , M-CK'" and M-CK" mice are approximately half of those of M-
CK' mice, which have an increased mitochondrial content (10), then MM-CK 
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activity in the various genotypes can be simply derived from the total CK 
activity (Table 1). Compared to controls, muscle MM-CK activity is reduced 
approximately 2-, 3- and 6-fold in M-CK + / , M-CK'" and M-CK"' mice, 
respectively. 
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Figure 2. Northern Blot Analysis and CK Isoenzyme Characterization of a Set of Mice with 
Different M-CK Genotypes. Genotypes are indicated above the lanes: +/ + , control; +/-, 
heterozygote carrying a wild-type and an inactivated M-CK allele; l/l, homozygote for the M-CK' 
allele; I/-, heterozygote with a M-CK' allele and an inactivated M-CK allele; -/-, null mutant. (A) 
Northern blot of total RNA (5 /vg total RNA) prepared from upper hind limb muscles and 
hybridized with an exon 2 probe. The position of the anticipated - 2 6 0 0 nt M-CK-hygroB fusion 
messenger RNA ¡s marked by an asterisk. GAPDH mRNA expression levels serve as a control 
for RNA quantitation. (B) Quantitative zymogram analysis of CK isoenzymes in skeletal muscle 
(gastrocnemius) homogenates. The positions of cytosolic and mitochondrial ¡soforms are 
indicated to the right. Mi-CK, which is normally present at low amounts, is not shown in this 
photograph because the short time of CK staining necessary to pronounce the differences in 
MM-CK activity between the various genotypes. Prolonged staining showed that Mi-CK 
activities were similar in all lanes (n = 4 mice in each group). 
Normal Mitochondrial Distribution and Glycogen Content in Fast Fibers of M-CK" 
and M-CK" Mice 
Two obvious phenotypic alterations in type 2A and 2B fibers of mice deficient 
in M-CK are an enlarged intermyof ¡brillar mitochondrial volume and an increased 
glycogenolytic/glycolytic potential (10). Mice with 3- and 6-fold reduction in 
MM-CK activity were analyzed for similar adaptations. Firstly, cross sections of 
M-CK'" and M-CK"" GPS muscle complexes were stained for SDH activity. Both 
genotypes displayed a similar SDH staining pattern as type 2 fibers of controls 
(Fig. 3). The coarsely granulated aspect, which is typical for M-CK' type 2 
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fibers and indicative for an increased ¡ntermyofibrillar mitochondrial volume, was 
not observed in corresponding fibers of M-CK1" and M-CK" mice. Transmission 
electron microscopy confirmed that the ¡ntermyofibrillar mitochondrial volume 
in type 2 fibers of mice wi th 3- and 6-fold reduced MM-CK had a normal 
appearance (not shown). Moreover, no obvious increase in the number of 
enlarged mitochondria, which has been observed in M-CK"'' fast fibers, was 
found in the mutants wi th partial MM-CK activity. 
Figure 3. Cross Sections of Gastrocnemius Muscles with Different Levels of M-CK Expression 
Stained for SDH Activity. (A) M-CK+/+, (B) M-CK1", (C) M-CK" and (D) M-CK' mice. Type 2A 
fibers are stained dark, whereas type 2B fibers are stained pale (the bar stands for 3 //m). 
The activities of t w o mitochondrial marker enzymes, COX and CS, were 
measured to test for possible changes in aerobic potential of M-CK1" and M-CK" 
muscles These activities were compared to those of M-CK + / + , M-CK+ / and M-
CK' muscles (Table 1) Both enzyme activities are moderately elevated in 
muscles wi th 3 and 6-fold reduced MM-CK (on average — 1 7 % and ~ 2 5 % 
increase, respectively), however, only activities of M-CK" muscles are 
sufficiently different from controls to be significant (P < 0.05). It is conceivable 
that this adaptation in aerobic energy generating capacity involves a small 
enlargement of mitochondrial size and/or mitochondrial reticulum which is 
undetectable by electron microscopy (24) 
The glycogen content in GPS muscles of null mutants is increased by 
approximately 6 0 % compared to GPS muscles of controls (10) This increase 
in glycogen storage is accompanied by a significantly higher glycogen 
consumption during muscle exercise Chemical quantification of the glycogen 
levels in GPS muscle complexes of the t w o mutants wi th partial MM-CK activity 
revealed values somewhat below those of controls (Table 2), although these 
differences were not statistically significant. In addition, the rate of glycogen 
breakdown in M-CK'" and M-CK" GPS complexes during 3 mm of 5 Hz muscle 
contraction was also similar to control values (Table 2) It can be concluded 
from these results that the anaerobic energy potential seems to be normal in 
skeletal muscles w i t h a 3- or 6-fold decline in MM-CK activity 
Table 1 Activities of Creatine Kinases and Mitochondrial Enzymes in Skeletal Muscle of M-CK 
Mutant Mice 
CKtot 
41634 ± 7644 
21698 ± 1255 
14364 ± 2263 
7129 ± 902 
695 ± 162 
MM-CK 
41286 ± 7644 
21350 ± 1257 
14016 ± 2264 
6781 ± 906 
0 
COX 
604 ± 28 
551 ± 96 
730 ± 118 
776 ± 112 
1094 ± 230 
CS 
127 ± 32 
148 ± 23 
153 ± 12 
181 ± 2 0 
231 ± 27 
Genotypes of mice are indicated in the left column and are as given in the legend of Figure 
2 Extracts were made from upper hind limb muscles and enzyme activities were 
determined Values are means ± SD and expressed in mU7mg protein η = 8 for + / + and 
/ while η = 6 for +/ l/l and I/ All enzyme activities of M-CK mutant mice are 
significantly different from controls (P < 0 05) except for the COX and CS values of +/-
and l/l mice Abbreviations CKtot =total CK activity, COX = cytochrome с oxidase, CS = 
citrate synthase 
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No NMR Detectable CK Flux in Muscles of M-CK1" and M-CK" Mice at Rest 
The effects of reduced M-CK expression on energy metabolite levels in skeletal 
muscle were studied by means of chemical and 3 1P NMR methods. As in null 
mutants (10), the ATP concentration determined chemically was somewhat 
lower in GPS muscles of M-CK'" and M-CK" mice than in wild-type muscles 
(Table 2), but differences were not significant 3 1P NMR spectra (available on 
request) of intact hind limb muscles of anaesthetized M-CK + / , M-CK1" and M-
CK" mice revealed relative peak areas of ATP, PCr and inorganic phosphate (P,) 
resonances similar to those of null mutants and controls (see Table 2). These 
data show that skeletal muscle levels of ATP, PCr and P, in all M-CK mutants 
seem to be comparable to those in wild-type mice. 
Table 2. Energy Metabolites in Skeletal Muscles of Mice with Reduced M-CK Expression 
Metabolite 
P(nmr) 
PCr(nmr) 
ATP(nmr) 
ATP(chem) 
Glycogen-
Glycogen + 
+ / + 
5 8 ± 1 7 
44 9 ± 2 9 
16 4 ± 1 6 
7 9 + 0 5 
26 1 ± 5 8 
17 3 + 4 1 
+ /-
4 9 ± 
47 0 ± 
160 ± 
7 7 + 
η d 
η d 
0 5 
1 6 
2 3 
0 7 
l/l 
4 6 ± 1 3 
46 7 ± 0 6 
16 4 ± 1 6 
7 0 ± 0 4 
1 8 0 ± 7 6 
12 7 ± 3 8 
I/-
4 6 ± 0 8 
44 2 ± 1 2 
17 0 ± 2 1 
7 0 + 0 6 
19 7 ± 5 4 
1 4 0 ± 4 0 
-/-
5 1 ± 0 9 
46 6 ± 2 2 
16 1 ± 1 4 
7 0 ± 0 6 
42 3 ± 7 2* 
25 3 ± 3 5* 
Genotypes of mice are indicated at the heads of the columns (symbols are as indicated in the 
legend of Figure 2) NMR values are given in percentages and relate the metabolite peak area 
to the sum of the peak areas (the ATP values are means of the α-, β- and y ATP peak areas) 
(n = 6) ATP(chem) = the absolute ATP concentration determined chemically (given in 
μΓΤΐοΙ/gww), glycogen + = glycogen determined after 3 mm of muscle stimulation at 5 Hz 
(given in //mol glucose/gww), glycogen = glycogen determined in non-stimulated muscle 
ATP(chem) and glycogen values are means ± SD η = 6 for + / + and -/-, π = 5 for l/l and π 
= 4 for +/- and I/- Values significantly different (P < 0 05) from those of wild-type muscles 
are indicated with * 
To determine the influence of reduced M-CK expression on the NMR 
detectable high-energy phosphate flux through the skeletal muscle CK reaction, 
we used the in vivo 3 1P NMR inversion transfer technique (25). We measured 
the energy flux though the CK reaction in the direction from ATP to PCr (PCr 
inversion) in M-CK + ' , M-CK1" and M-CK" hind limb muscles These reverse 
fluxes were compared to those of controls and null mutants, determined 
previously (ref 10, see also Table 3) Surprisingly, in muscles with 3- and 6-fold 
reduced MM-CK activity, the degree of high-energy phosphate transfer was 
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+ /+ 
+ /-
l/l 
1/-
-/-
100 
50 
34 
16 
0 
found to be below the level of 3 1P NMR detection. Based on considerations 
about signal to noise limitations (26), we estimate that the flux through the CK 
reaction in muscles of M-CK'" and M-CK" mice is at least about 20-fold below 
normal. The reverse flux through the CK reaction was somewhat lower in 
muscles of M-CK + / mice ( - 5 0 % MM-CK activity) than in wildtypes, but 
differences were insignificant (p < 0.05). 
Table 3 Kinetics of the CK Reaction in Intact Hind Limb Muscles from Mice with Reduced M-CK 
Expression 
Genotype MM CK activity (%) K, (s') Reverse flux (/лпоі g 1 s ') 
0 95 ± О 12 7 51 ± 1 06 
0 79 ± 0 05 6 08 ± 0 67 
< 0 05 < 0 38 
< 0 05 < 0 38 
< 0 05 <. 0 38 
Reverse pseudo first order rate constants (Kr) for the high-energy phosphate transfer from ATP 
to PCr were derived from NMR inversion transfer studies (PCr inversion) as described previously 
(10) Reverse phosphate fluxes through the CK reaction were calculated from the reverse rate 
constants and the ATP concentrations (see Table 2) The Kr values and reverse fluxes of l/l, I/-
and -/- mice are given as 5% of + / + values Symbols are indicated in the left column and are 
as given in the legend of Figure 2) Values are means ± SD, η = 4 for all genotypes 
M-CK1" and M-CK" Muscles Have Reduced Burst Activity 
To complete our characterization of the effects of reduced MM-CK activity we 
also monitored the force of GPS complexes in our set of M-CK mutants. Force 
was recorded during the first 24 twitches at 5 Hz stimulation. Within the first 
eight twitches, muscle force dropped about 4 5 % , 1 3 % , 9 % and 4 % in M-CK ' , 
M-CK", M-CK'" and M-CK+ / muscles, respectively, whereas in controls muscle 
force remained maximal during these initial twitches (Fig. 4). Thereafter, muscle 
force remained virtually constant in all different genotypes, except for null 
mutants in which muscle force recovered slightly. These data show a 
remarkable correlation between MM-CK activity and muscle performance during 
the initial phase of high-resistance work. The maximal t w i t c h force of muscles 
of all genotypes was identical. 
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1 3 5 7 9 1 1 1 3 1 5 1 7 1 9 2 1 2 3 
twitch number 
Figure 4 Muscle Performance of Mice with Reduced M-CK Expression The isometric twitch 
force (given as the percentage of the initial twitch force) during the first 24 contractions of GPS 
muscles at 5 Hz electrostimulation Shown are means + or - SD of 7 muscles Symbols • , 
wild-type muscle force, » . M C K " force, *, M-CK'" force, A, M-CK" force, · , M-CK' force. 
Discussion 
Graded Reductions in M-CK Expression 
Skeletal and cardiac muscle of mice homozygous for the M-CK' allele were 
found to contain markedly reduced levels of M-CK mRNA The most likely 
explanation for this is that the majority of primary transcripts initiating at the M-
CK promoter are polyadenylated at the poly(A) site in the second M-CK intron 
(at the hygroB-poly(A) cassette) However, it is also conceivable that reduced 
processing efficiency, transcription distortion or reduced stability of the primary 
transcripts are involved 
It is likely that both M-CK' alleles contribute to the production of 
messengers in homozygous animals, because M-CK mRNA levels declined 
further in mice wi th only a single chromosome carrying the M-CK' allele (M-CK" 
) Also in wild-type mice, both M-CK alleles are transcriptionally active since we 
observed mRNA levels in M-CK + / heterozygotes to be below normal 
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Remarkably, in these heterozygotes, skeletal muscle MM-CK activity was 
reduced almost 2-fold compared to wildtypes. Similarly, MM-CK activity in M-
CK" muscles was about 2-fold below that in M-CK1" muscles (approximately 
3 4 % and 1 6% of normal MM-CK activity, respectively). These data suggest that 
the concentration of MM-CK dimers in skeletal muscle is strictly determined by 
gene dose and transcriptional activity. 
Phenotypic Comparison of a Set of M-CK Mutants with Reduced MM-CK 
Activity 
A first very conspicuous adaptation in type 2 fibers of null mutants is the 
development of an elaborated intermyofibrillar mitochondrial network wi th high 
numbers of large mitochondria often packed in rows (10). In such a cellular 
architecture, diffusion distances between mitochondria and myofibrils are 
relatively small, which seems to be an adaptation towards energy transport 
directly via ATP and ADP shuttle molecules (of which ADP has a small radius 
of diffusion in muscle (27)) It further suggests that the shuttle transport of 
energy via PCr and Cr is highly impaired in the absence of MM-CK (10) If this 
explanation holds true, then the observation of normal intermyofibrillar 
mitochondrial volume in M-CK'" and M-CK" mice suggests that energy transport 
using PCr and Cr as shuttle molecules (1 ,5) still continues at levels of MM-CK 
activity 3 to 6 times below normal 
The remarkable increase of glycogen levels (about 60%) and glycogen 
consumption during exercise in type 2 fibers of null mutants, was not noticed 
in skeletal muscles of mice with 3- and 6-fold reduced MM-CK. It indicates that 
fluxes through the glycogenolytic/glycolytic pathways are normal at relatively 
low levels of MM-CK activity and that the alterations of anaerobic energy 
metabolism and cellular architecture in null mutants may be closely linked 
adaptations. 
Two other types of alterations in muscles lacking M-CK were not restored 
to normal in muscles with 3- and 6-fold reduced M-CK levels. Firstly, in both 
mutants, the exchange of high-energy phosphates between ATP and PCr was 
still below the level of 31P NMR detection Thus, in muscles wi th less than one 
third of wild-type MM-CK activity, the NMR visible flux through the CK reaction 
is at least about 20-fold below normal Remarkably, the flux approximated 
normal values again when enzyme levels increased from one third to half the 
wild-type MM-CK activity A possible explanation for this phenomenon might be 
that 31P NMR is just detecting the CK flux through the free MM-CK dimers in the 
cytosol of muscle cells, and not through the Mi-CK (28-29) and through the 
MM-CK fraction associated with the sarcoplasmic reticulum (7, 8) and 
myofibrillar M- and l-bands (6, 30, 31 ). It is conceivable that saturation of these 
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subcellular binding sites will not be achieved at levels of M-CK expression at or 
below one third of normal. Consequently, soluble MM-CK levels may be too low 
to catalyze a NMR visible exchange between PCr and ATP. On the other hand, 
at half the normal MM-CK levels, there may be sufficient free dimers in the 
cytoplasm to nearly restore the CK flux. Interestingly, the CK flux has been 
reported to increase 2-fold in muscles of transgenic mice expressing soluble BB-
CK dimers (32). This supports the idea that NMR visible fluxes are dependent 
on the levels of unbound CK isoenzymes 
The other noticeable alteration is of physiological relevance. The different 
combinations of M-CK alleles described in this report resulted in mutants wi th 
significantly reduced muscle burst performance compared to that of controls, 
except for heterozygotes carrying one wild-type and one inactivated M-CK 
allele. Our data show that graded reduction of muscle MM-CK activity is 
accompanied by an increasing inability to maintain maximal muscle force during 
a series of initial contractions. Noteworthy is also that the sudden drop of 
muscle force in M-CK" and M-CK1" mutants occurred within the first 8 muscle 
contractions, as in null mutants. Since local ATP/ADP ratios are known to 
influence muscle force ( 1 , 3 , 33) the most straightforward explanation for our 
findings might be that the rate of ATP replenishment during high-intensity 
exercise is affected differently in the various genotypes because of different 
amounts of MM-CK associated wi th the myofibrillar M-line (4, 34). To test this 
idea, further studies into the subcellular distribution of MM-CK dimers in our set 
of M-CK mutants wi th graded reduction of enzyme activity will be required. 
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Summary 
To evaluate the effects of phosphocreatine (PCr) and creatine (Cr) depletion on 
skeletal muscles of mice deficient in muscle creatine kinase (M-CK), we have 
fed mutant mice a diet containing the creatine analogue /?-guanidinopropionic 
acid (/?GPA). After 8-10 weeks of feeding, accumulation of the creatine 
analogue in M-CK-deficient muscles was comparable to that observed in 
muscles of wild-type mice. Strikingly, and unlike wildtypes, mutants did not 
accumulate phosphorylated /?GPA, indicating that MM-CK is the only muscle CK 
isoform which can phosphorylate/3GPA. In M-CK-deficient muscles, there was 
respective depletion of PCr, Cr and ATP levels to 3 1 , 41 and 8 3 % of normal. 
The average cross-sectional area of type 2B fibres in gastrocnemius muscles 
was very much reduced and was similar to type 1 and type 2A fibres which 
maintained their normal size. The maximal isometric twitch force developed by 
gastrocnemius-plantaris-soleus (GPS) muscle complexes of ySGPA-treated 
mutants was reduced by about 3 0 % , but these muscles showed an increased 
fatigue resistance during 1 and 5 Hz contraction. Mitochondrial enzyme 
activities in the upper hind limb musculature of null mutants were 20 -35% 
increased by the /?GPA diet. Altogether, these results provide evidence that 
certain functions of the creatine kinase/phosphocreatine (CK/PCr) system are 
not eliminated solely by the loss of M-CK. 
Introduction 
Skeletal muscles contain high levels of phosphocreatine (PCr) and creatine 
kinase (CK), which are presumed to function in energy buffering and energy 
transport [1-3] Thus far, two kinds of animal models have been used to 
evaluate the physiological importance of the CK/PCr system in energy 
metabolism of skeletal muscle One model involves the feeding of synthetic 
analogues of Cr, such as/?-guanidinopropionic acid, which competitively inhibit 
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uptake of creatine (Cr) in skeletal muscle cells [4, 5] Rats put on a diet 
containing 1 % /?GPA (w/w) for 6-8 weeks accumulate high concentrations of 
phosphorylated /?GPA (/?GPAP) in their skeletal muscles, and display PCr and 
ATP levels which are respectively 12- and 2-fold reduced compared to normal 
A reduction in the flux of high-energy phosphates between PCr and ATP 
parallels the decline of PCr, as shown by steady-state nuclear magnetic 
resonance (NMR) magnetization transfer experiments [6, 7] The phosphorylated 
/?GPA cannot effectively substitute for PCr, because it is a poor substrate for CK 
[8] ySGPA feeding results in a number of adaptive changes in skeletal muscle 
Glycogen levels are elevated, while glycolytic enzymes and glycogen 
consumption during muscle exercise are reduced [7, 9] The aerobic energy-
generating capacity of fast-twitch fibres is enhanced [9] Mitochondria in 
perinuclear and subsarcolemmal areas of slow-twitch fibres frequently contain 
paracrystalline inclusions and often are enlarged [10] Fast-twitch fibres only 
show an increase in size of subsarcolemmal mitochondria 
In the second animal model, which has been generated via gene targeting 
in mouse embryonic stem (ES) cells, the CK/PCr system is blocked at a nodal 
point by mactivation of the M-CK gene [11] Mice deficient in M-CK are viable, 
exhibit no overt abnormalities and display no specific compensatory expression 
of other members of the CK gene family in their muscles Steady-state levels of 
PCr and ATP are normal, but forward and reverse fluxes through the CK reaction 
are undetectable by 31P NMR magnetization transfer techniques Fast-twitch 
fibres exhibit phenotypic adaptations in their anaerobic and aerobic energy 
metabolism Their increased glycogen content is accompanied by an enhanced 
use of glycogen during muscle contraction Moreover, the mtermyofibrillar 
mitochondrial volume of type 2 fibres is considerably increased In general, the 
aerobic energy generating potential of the M-CK-deficient upper hind 
musculature is about 2-fold higher compared to that of the corresponding 
muscles of wild-type mice The maximal isometric tw i tch force of M-CK-
deficient GPS muscle complexes is normal, but these complexes lack burst 
activity and exhibit an improved endurance Similar physiological changes have 
been reported for GPS muscles of /?GPA-fed rats [7] 
Strikingly, M-CK-deficient muscles were found to hydrolyse PCr during 
periods of exercise, suggesting that there are routes for PCr breakdown other 
than those expected in the current models of CK and PCr function [1-3] Thus, 
there may still be a role for PCr in skeletal muscles lacking MM-CK activity To 
investigate this further, we fed mutant mice a diet containing 1 % /?GPA We 
show that this diet results in additional changes in metabolism, structure and 
function of M-CK-deficient skeletal muscles 
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Materials and Methods 
Animals 
Female M CK-deficient and wild-type mice (having a IC57BL/6 χ 129/Sv] hybrid genetic 
background) were used in all experiments M-CK-deficient mice were created via targeted 
inactivation of the M CK gene in mouse ES cells as described previously [11] All M-CK 
deficient and wild-type mice were bred in the Central Animal Facility of the University of 
Nijmegen At 3 weeks of age, mutant and wild-type mice in the experimental groups were given 
free access to water and standard mouse chow containing 1 % /J-guanidinopropionate (Fluka) 
for 8-10 weeks Mutant and wild type mice in the control groups were fed standard chow 
without the creatine analogue 
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Ρ NMR 
Fully relaxed 31P NMR spectra of upper hind limb muscles at rest were collected and analysed 
as described previously 111] Exponential multiplication of the free induction decays (FID) was 
applied before Fourier transformation, resulting in a line broadening of 1 8 Hz Peak areas were 
measured by Lorentzian curve-fitting procedures after baseline correction pH values were 
calculated from the chemical shift of inorganic phosphate (P,) signal as described previously 
[12] 
Chemical Analyses of Metabolite Concentrations 
Mice were anaesthetized (2,2,2-tnbromoethanol, 0 2 mg/g body weight, injected 
intraperitoneal^) and GPS muscle groups were exposed and frozen in clamp tongs precooled 
in liquid nitrogen The frozen muscles were pulverized in a mortar cooled with dry ice, weighed 
portions of pulverized muscles were diluted 10-fold (w/v) with cold 4 % perchloric acid and 
subsequently homogenized Glycogen, lactate, ATP, ADP, AMP, PCr and Cr were assayed by 
standard enzymatic analyses as described in Bergmeyer [13] /ÎGPA and 0GPAP levels were 
determined by the method of Bonas and co workers [14] as described by Fitch and Chevh [15] 
Histochemistry and Electron Microscopy 
Mice were anaesthetized as described above For histochemistry, GPS muscle complexes were 
excised and quickly frozen to -150 °C in liquid nitrogen-chilled isopentane Subsequently, cross 
sections (8 μνη) were cut and stained for myosin ATPase (pH 4 3, 4 6 and 10 8), succinate 
dehydrogenase (SDH) and glycogen according to standard histochemical procedures [16] 
Stained sections were examined using a Leitz Orthoplan light microscope Cross sectional areas 
of type 1, type 2A and type 2B fibres in the gastrocnemius muscle were measured according 
to standard point sampling methods (n = 20 fibres per fibre type per muscle) 
For electron microscopy the individual muscles of the GPS complex were dissected 
during immersion fixation with 2% glutaraldehyde in 0 1 M phosphate buffer (pH 7 4, 330 
mosm) The specimens were orientated longitudinally for prolonged overnight fixation at 4°C 
and rinsing (3 h overnight) in 0 1 M phosphate buffer at 4 °C Postfixation was earned out in 
the same buffer supplemented with 1 % osmium tetroxide at 4 °C for 1-2 h The tissues were 
then rinsed twice in the same buffer and temperature for at least 1 h Dehydration was 
performed in an ascending series of aqueous ethanol Tissues were transferred via a mixture 
of propylene oxide and Epon to pure Epon 812 as embedding medium Ultrathin grey sections 
were cut, contrasted with aqueous 3% uranyl acetate, rinsed and counterstamed with lead 
133 
citrate, air dried and examined in a Philips electron microscope EM 300 or 3 0 1 . 
Enzyme Assays 
Fresh upper hind limb muscles were excised and homogenized in a Teflon-glass homogenizer 
in 1:10 dilution (w/v) of buffer containing 50 units/ml heparin, 250 mM sucrose, 2 mM EDTA 
and 10 mM Tns-HCI at pH 7.4 (4 °C). Homogenates were centrifuged at 600 χ g and 
cytochrome с oxidase (COX) and citrate synthase (CS) activities were assayed in the 
supernatants according to the methods of Cooperstem and Lazarow [17] and Srere [18], 
respectively. 
Muscle Force Measurements 
M-CK deficient and wild-type mice fed a diet with /?GPA for 8-10 weeks were anaesthetized 
as described above. The hind limb was fixed between a pair of brass posts at the point of the 
condyli of the femur. The distal tendons of GPS muscles were connected to a force transducer 
(Statham Transducing cell UC2; [19]). Isometric contractions were elicited by supramaximal 
stimulation (square pulses of 1 5 Volt and 2 ms duration) of the muscle via the sciatic nerve 
using a bipolar platinum electrode. We determined successively: the maximal twitch force of 
three single contractions; the twitch force of the first 24 contractions at 1 and 5 Hz 
stimulation; the twitch forces during 180 s at 1 and 5 Hz stimulation (after 1 Hz stimulation 
muscles were allowed to recover for 10 mm) 
Results 
Energy Metabolites in Muscles at Rest 
The steady state levels of phosphorus metabolites in M-CK-deficient and wild-
type muscles of /?GPA-treated mice were determined by in vivo 3 1P NMR 
spectroscopy. Representative spectra (n = 4 in each group) of upper hind limb 
muscles from /?GPA-treated mice deficient in M-CK (-/-GPA), /?GPA-fed wild-type 
mice ( + / + GPA) and wild-type mice ( + / + ) are shown in Fig. 1. Spectra of 
muscles from mice deficient in M-CK (-/-) are identical to that shown for + / + 
muscles [11] . Typically, the /?GPAP resonance (located 0.45 ppm upfield from 
the PCr resonance in control spectra) was the major Phosphagen in +/ + GPA 
muscle, while the PCr resonance was decreased such that it is not seen 
anymore as a discrete peak in Fig 1С. Strikingly, /?GPA-treated muscles of -/-
mice showed no accumulation of /?GPAP. Despite this absence of /?GPAP, the 
PCr resonance was significantly below normal. Intracellular pH values, as 
determined from the chemical shifts of the inorganic phosphate (P,) peaks, were 
normal in both +/ + GPA and -/-GPA mice. 
The concentrations of energy metabolites in muscles of +/ + GPA and -/-
GPA mice as determined by biochemical methods are summarized in Table 1 
(see ref. 11 for levels of energy metabolites in + / + and -/- muscles). /?GPA 
levels in -/-GPA muscle extracts were almost 4-fold higher compared to those 
in extracts of +/ + GPA muscles. After acid hydrolysis of the tissue extracts. 
134 
/?GPA levels in -/-GPA extracts were not increased, indicating that /?GPA is 
indeed not phosphorylated in muscles lacking M-CK expression. Hydrolysis of 
+ / + GPA muscle extracts revealed a ratio of /?GPA to /?GPAP of about 1:3. 
Total 0GPA (/ffGPA + 0GPAP) levels were identical in muscles of -/-GPA and 
+ / + GPA mice. In -/-GPA muscles, Cr, PCr, total Cr (PCr + Cr) and ATP 
concentrations were reduced to respectively 3 1 , 4 1 , 39 and 8 3 % , while in 
+ / + GPA muscles they declined to respectively 3 2 , 2 0 , 25 and 8 0 % (see Table 
1 and ref. 11). ADP and AMP levels were not altered by the /?GPA diet in both 
M-CK knock-out and wild-type mice. 
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Figure 1. Representative 31P NMR Spectra of Upper Hind Limb Muscles From (A) Wild-Type 
Mice, (B)/?GPA-Fed Wild-Type Mice and (C)jffGPA-Fed Mice Deficient in M-CK. Each spectrum 
is the average of 1 28 free induction decays generated with 70° magnetization pulse angles at 
θ s intervals. Resonance assignments are indicated on the figure. 
As reported earlier [1 1], glycogen levels in GPS complexes of -/- mice 
have been shown to be 1.6-fold higher than in the corresponding muscle 
complexes of + / + mice (42 3 ± 7.2 versus 26.1 ± 5 8 //mol glucose/g wet 
weight). Glycogen levels in GPS complexes were increased by the/?GPA diet in 
both + / + and -/- mice (Table 1), but the changes were more dramatic in wi ld-
type than in M-CK-deficient mice (a 2.9-fold versus a 1.4-fold increase). Steady-
state levels of lactate, which have been shown to be identical in muscles of -/-
and + / + mice (6.8 ± 1.4 and 7.0 ± 2.5/ymol/g wet weight, respectively, see 
also ref. 11 ), were significantly reduced as a result of the /?GPA diet. In -/-GPA 
muscles the decrease in lactate was 2-fold compared to -/- muscles and in 
+ / + GPA muscles the reduction was 2.6-fold compared to + / + muscles. 
Table 1. Chemical Analysis of Energy Metabolites in GPS Muscles of Wild-Type and M-CK-
Deficient Mice Fed with £GPA 
Chemical 
ATP 
ADP 
AMP 
ATP+ADP+AMP 
Cr 
PCr 
Cr + PCr 
0GPA 
0GPAP 
0GPA + 0GPAP 
Glycogen 
Lactate 
+/+GPA 
6 34 
0 73 
0 06 
7 13 
3 0 
3 3 
6 3 
4 9 
13 9 
18 7 
74 7 
2 7 
± 
± 
± 
± 
± 
± 
+ 
± 
± 
+ 
± 
± 
0 68 
0 04 
0 01 
0 64 
0 9 
1 6 
2 3 
1 9 
2 2 
2 4 
16 2 
0 7 
-/GPA 
5 80 
1 44 
0 20 
7 41 
2 1 
9 0 
11 1 
18 7 
- 0 4 
18 3 
57 6 
3 1 
± 0 38 
± 0 15 
± 0 04 
± 0 64 
± 0 5 
± 1 2 
± 1 0 
± 2 9 
± 0 7 
± 2 4 
± 1 2 3 
± 1 0 
Values are means ± SD in /лпоі/g wet weight (glycogen is expressed as //mol glucose/g 
wet weight), η = 5 
Histochemical and Morphological Characterizations 
Analogue feeding caused a slight reduction in body weight in both mutant and 
wild-type mice. Body weights of -/-, -/-GPA, + / + and +/ + GPA mice (n = 7 in 
each group) were 19 8 ± 0.8, 16.5 ± 2.3, 20.4 ± 1.1 and 17 3 ± 1.5, 
respectively Such reduction in body mass of mice on a /?GPA diet has also been 
reported by Moerland and co-workers [20]. 
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Cross sections of GPS muscle complexes were stained for the different 
types of myosin ATPase and SDH, which allows discrimination between type 
1, type 2A and type 2B fibres In M-CK-deficient as well as wild-type mice, the 
number and the distribution of the three fibre types were similar wi th and 
without ¿ffGPA ingestion in all three muscles of the GPS complex The influence 
of /?GPA feeding on fibre size was evaluated by analysing the cross-sectional 
areas of the three fibre types in the medial portion of the gastrocnemius muscle 
(Table 2) The mean area of type 2B fibres in -/-GPA mice was 4 2 % smaller 
than in -/- mice, whereas the mean areas of both type 1 and type 2A fibres 
were not significantly changed by the diet. In + / + GPA mice, the mean area of 
type 2B fibres was 3 2 % reduced compared to + / + mice and, as in mutants, 
no alterations of significance were noticed in the areas of type 1 and type 2A 
fibres 
Table 2 Influence of /7GPA on Fibre Size in Wild Type and M-CK-Deficient Muscle 
Mouse 
+ /+ (5) 
+ / + GPA (6) 
/ (7) 
/ GPA (7) 
Type 1 
1100 ± 190 
960 ± 200 
880 ± 120 
870 ± 220 
Type 2A 
1180 ± 390 
870 ± 220 
1200 ± 80 
890 ± 280 
Type 2B 
2530 ± 600 
1740 ± 370 
2360 ± 460 
1270 ± 250 
Fibre areas were measured in the gastrocnemius muscle type 1 fibres in the deep region 
and type 2A and 2B in the medial region Values are means ± SD indicated in μπτ2, the 
number of animals is given in parentheses 
Previously, we have reported that mutant type 2 fibres stained for SDH 
activity present a more coarsely granulated aspect than the corresponding fibres 
of wild-type animals, which is indicative for an increased intermyofibrillar 
mitochondrial volume [11] As shown in Fig 2, type 2 fibres of /?GPA-fed 
mutants retained the coarsely granulated aspect, whereas it was not observed 
in the corresponding fibres of wild-type mice treated wi th /?GPA These data 
were confirmed by transmission electron microscopy (Fig. ЗА and C). As in null 
mutants [ 1 1 ] , mitochondria in type 2 fibres of -/-GPA mice were frequently 
packed in rows between the myofibrils and a high proportion of the 
intermyofibrillar and subsarcolemmal mitochondria were enlarged (Fig 3). On 
the other hand, mitochondria had a normal distribution in type 2 fibres of 
+ / + GPA mice and only subsarcolemmal mitochondria were frequently larger 
than normal Unlike in/?GPA-fed rats [ 1 0 ] , no mitochondria with paracrystalhne 
inclusions were noticed in type 1 fibres of soleus muscles of +/ + GPA and -/-
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GPA mice (Fig. 3). 
To determine whether the aerobic energy generating capacity of skeletal 
muscles had increased because of the /?GPA diet, as has been reported for 
/?GPA-fed rats [ 9 ] , we measured the activities of t w o mitochondrial marker 
enzymes, COX and CS, in upper hind limb muscles of + / + GPA and -/-GPA mice 
(Table 3) and compared these activities to those of + / + and -/- muscles 
(previously reported in ref. 11). It showed that both enzyme activities were 
elevated by the /?GPA diet in wild-type as well as M-CK-deficient mice. 
Remarkably, the extent of the increments was similar in wild-type and M-CK-
deficient mice. 
Figure 2. Cross Sections of Gastrocnemius Muscles Stained for SDH Activity from (A) Wild-
Type Mice, (B)/?GPA-Fed Wildtypes, (С) M-CK-Deficient Mice and (D)/?GPA-Fed Mice Deficient 
in M-CK. Type 2A fibres are stained dark, while type 2B fibres are stained pale. Typically, type 
2 fibres of M-CK-deficient mice exhibit a coarsely granulated aspect due to an increase in their 
intermyofibrillar volume. Note that the size of type 2B fibres in the ßGPA-fed mice is relatively 
small compared to that of their controls. The bar in (A) indicates 10 μπ\. 
Figure 3. Ultrastructural Analyses of Cr-Depleted Skeletal Muscles. (A and C) Representative 
electron micrographs of longitudinal sections through myofibres in superficial parts of 
gastrocnemius muscles of + / + GPA (A) and -/-GPA mice (C). As in null mutants, the 
intermyofibrillar mitochondria in type 2 fibres of ßGPA-fed mutants are frequently packed in 
rows and many mitochondria have an increase in size. (B and D) Mitochondria in soleus muscles 
of + / + GPA (B) and -/-GPA (D) mice. Note that mitochondria are enlarged and lack 
paracrystalline structures. The bars in (A) and (B) represent 1 μχτ\. 
Table 3. Activities of Mitochondrial Enzymes in Skeletal Muscle of Controls and Null Mutants 
Fed with /?GPA 
Mouse CS COX 
+ / + GPA 230 ± 27 863 ± 190 
-/-GPA 349 ± 41 1379 ± 208 
Upper hind limb muscles were dissected and subsequently homogenized. Enzyme activities 
were measured in 600 χ g supernatant of the homogenate. Values are means ± SD 
indicated in milliunits per milligram of protein; η = 7. 
Muscle Force Measurements 
The maximal isometric twi tch force of GPS muscles of + / + GPA mice (0 95 ± 
0 06 g/g body weight, η = 6) was similar to that of + / + and -/- GPS muscles 
(0 97 ± 1 0 and 0 98 ± 0 18 g/g body weight, respectively, η = 7 in each 
group) In contrast, maximal force of -/-GPA muscles (0 68 ± 0 08 g/g body 
weight, η = 6) was approximately 3 0 % lower than those of the other three 
groups of mice We also analysed muscle force of +/ + GPA and -/-GPA mice 
during a series of 2 4 initial contractions at t w o different work loads and 
compared these results to those of + / + and -/- mice reported earlier in ref 11 
During 1 Hz contraction (Fig 4A), the initial t w i t c h force of + / + muscles 
gradually declined by approximately 8% Muscles of + / + mice fed with /?GPA 
exhibited a 1 0 % reduction within the first 7 to 9 contractions, while the final 
loss of force was about 1 2% Muscles of -/- mice show a 2 0 % reduction during 
the first 4 to 5 contractions and subsequently remain nearly constant until the 
final t w i t c h [11] Mutant muscles treated with /?GPA also declined in force 
during the initial 4 to 5 contractions, but the relative reduction was significantly 
less than that observed in muscles of -/- mice During 5 Hz contraction (Fig 4B), 
+ / + muscles maintained their initial force throughout the experiment, whereas 
the force of +/ + GPA muscles declined gradually to a constant level of 
approximately 6 8 % of the initial force within the first 1 9 to 20 contractions 
Muscles of -/- mice typically lose about 4 5 % of their initial force within the first 
8 contractions Muscles of -/-GPA mice exhibit a similar pattern of force 
development during the initial 24 contractions but the reduction of force (after 
8 contractions) was just about half of that observed in muscles of -/ mice We 
also measured the isometric t w i t c h forces developed during 180 s of 1 and 5 
Hz stimulation (Fig 4C and D) These experiments show that the isometric 
endurance of both wild-type and M-CK-deficient GPS muscles was improved 
after the /?GPA-treatment 
Discussion 
In theory, disruption of M-CK is expected to inactivate the CK/PCr system in 
skeletal muscles because of a blockade in the transfer of chemical energy from 
PCr to ATP catalyzed by CK However, we have previously shown that PCr 
levels decline in mutant muscles at work, suggesting that the M-CK-mediated 
hydrolysis is not the exclusive route for PCr utilization in active muscles [11] 
It would therefore appear that the CK/PCr system is not completely crippled by 
M-CK inactivation only As a first step to investigate this further, we have 
depleted PCr and Cr from mice deficient in M-CK by feeding them a /?GPA diet. 
Phenotypic alterations in their skeletal muscles were studied and compared wi th 
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those of /?GPA-fed wildtypes. 
The decrease in PCr and Cr levels and the accumulation of /ffGPA and 
^GPAP that we observed in skeletal muscles of wild-type mice treated wi th 
/?GPA were as expected from earlier studies on rats [5, 6, 7, 21 ] . Skeletal 
muscles of mice deficient in M-CK did not accumulate ßGPAP. This is not due 
to a defect in the uptake of the creatine analogue, as /?GPA levels in dietary M-
CK-deficient muscles were found to be similar to the /?GPA plus /?GPAP levels 
in muscles of wild-type mice. Because mitochondrial CK (Mi-CK) activity is not 
impaired in M-CK-deficient muscles [11 ] , our results imply that normally MM-CK 
is the only CK isoform involved in phosphorylation of /?GPA in skeletal muscle. 
It is possible that /?GPA is an inactive substrate for Mi-CK, but it is also 
conceivable that /?GPA cannot reach Mi-CK since it may not be able to enter the 
mitochondrial intermembrane space where the enzyme is located. The extent of 
residual PCr after 8 weeks of /?GPA feeding is significantly higher in mutants 
(41 %) than in wildtypes (20%), but the depletion of Cr is similar. Remarkably, 
the decrease of ATP levels in mutant and wild-type mice fed a /?GPA diet is less 
than that in muscles of /?GPA-fed rats (20% versus 50%) [6, 7, 21 ] . We 
surmise that this difference is due to species or age specific variation in the 
response to the creatine analogue. 
The changes in energy metabolites described above, are accompanied by 
a variety of adaptations in skeletal muscle tissue. In Cr-depleted muscles of both 
wild-type and M-CK-deficient mice, the aerobic capacity seems to increase as 
judged by enhanced activities of two mitochondrial marker enzymes, CS and 
COX The absolute increase of the enzyme activities was similar in both types 
of mice, which is remarkable because important differences in basal aerobic 
potential and intermyofibrillar mitochondrial volume do exist between the type 
2 fibres of M-CK-deficient and wild-type mice [11]. The observation that the 
mitochondria do not phosphorylate /?GPA suggests that the increment of 
mitochondrial enzyme activities will probably be an indirect effect of the 
creatine-analogue accumulation. As in ySGPA-fed rats, the increase in aerobic 
capacity in both types of /?GPA-fed mice might involve a decrease in type 2B 
fibre size in the absence of mitochondrial proliferation or an elaboration of the 
mitochondrial reticulum, or both [9]. In addition, the enlargement of many 
subsarcolemmal mitochondria, as seen in all fibre types of wild-type mice and 
in type 1 fibres of M-CK-deficient mice, might also play a role. This explanation 
may not hold true for slow-twitch fibres as previous work on /?GPA-fed rats has 
shown that an increase in size of subsarcolemmal mitochondria in the soleus 
muscle [10] was not accompanied by an increase in mitochondrial enzyme 
activities [9] 
Another phenotypic parallel between muscles of Cr-depleted M-CK-
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deficient and wild-type mice is the selective hypotrophy of type 2B fibres. This 
size reduction is most pronounced in mutants, where type 2B fibres can become 
nearly as small as type 1 and type 2A fibres. Although the actual cause of this 
differential change in fibre size is not yet known, t w o possible explanations can 
be put forward. Both PCr and Cr levels have been shown to be different 
between the various types of fibres [22]. /?GPA-induced changes in PCr and Cr 
levels might also be fibre type specific. This might result in discriminatory 
effects on muscle size via an as yet unknown control mechanism. Alternatively, 
the explanation may be more trivial and simply reflect a type 2B specific disuse 
atrophy [23] . 
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Figure 4. Contractile Characteristics of /?GPA-Treated Wild-Type and M-CK-Deficient Muscles. 
(A and B) Isometric-twitch force of the first 24 contractions of GPS muscle complexes during 
1 (A) and 5 Hz (B) stimulation. Shown are means ( + or - SD) of six muscles. Squares, muscle 
force of wild-type mice; closed circles, muscle force of M-CK-deficient mice; asterisks, muscle 
force of/?GPA-fed wildtypes, triangles, muscle force of /?GPA-fed mice deficient in M-CK. (C 
and D) The isometric twitch force of GPS muscle complexes during 1 (C) and 5 Hz (D) 
stimulation for 180 s Shown are means ( + or - SD) of five muscles. Symbols are as indicated 
above. The isometric twitch force is given as the percentage of the initial force. Note that the 
initial twitch force of -/-GPA mice is approximately 30% smaller compared to those of + / + , 
+ / + GPA and -/- mice. 
Chronic ingestion of /?GPA results in an almost 3-fold increase in glycogen 
in GPS muscles of wild-type mice, which is consistent wi th a build up of 
glycogen in muscles of ySGPA-treated rats [9]. The glycogen accumulation may 
result from an impaired activation of glycogenolysis at the onset of muscle 
contraction, as has been suggested to be the case in /?GPA-fed rats [7]. Because 
Cr-depletion as well as M-CK inactivation are known to elevate the level of 
glycogen [7, 9, 11] , it is difficult to speculate on the specific cause(s) of the 
elevated glycogen levels in muscles of /?GPA-fed null mutants. It is conceivable 
that the use of glycogen during muscle exercise is reduced, as in Cr-depleted 
rats [7] . Alternatively, it may be an adaptation of the system to larger 
f luctuations in glycogen consumption as is the case in M-CK-deficient muscles 
[11] . 
M-CK inactivation [11] and /?GPA feeding alone have no effect on the 
absolute force of GPS muscle complexes. However, the two ways of interfering 
wi th the CK/PCr system in combination result in a significant reduction of 
muscle force. Interestingly, the reduction in body weight in mutant and wild-
type mice fed a /?GPA diet was similar but cross-sectional areas of type 2B 
fibres were more reduced in dietary mutants than in dietary wildtypes. Because 
the maximal isometric muscle force is expressed on a body weight basis, the 
reduction in muscle force in /?GPA-treated mutant mice might reflect a decrease 
in their muscle weight to body weight ratio. 
M-CK inactivation and /?GPA feeding both cause a dramatic loss of force 
at the onset of muscle contraction. The degree of reduction is comparable in 
both animal models, but the decrease is much faster in M-CK deficient mice 
than in Cr-depleted wild-type mice. This suggests that the thermodynamic 
efficiency of ATP hydrolysis is most rapidly affected in case of M-CK deficiency. 
Strikingly enough, /?GPA feeding caused an improvement in endurance, which 
is consistent wi th an increase in aerobic potential in both wild-type and M-CK-
deficient muscles. Transitions to myosin isoforms with intrinsically lower 
ATPase activities, as reported for mice fed a /?GPA diet [20] , or an increase of 
muscle ADP levels may be involved in the maintenance of high force during 
prolonged exercise [24]. We conclude that the effects of /?GPA feeding and M-
CK inactivation are additive as further changes in the metabolism, morphology 
and physiological functioning of muscle can be invoked by diet-induced 
reduction of PCr and Cr levels in mutant mice. This shows that the coupling of 
the CK/PCr system to the intricate pathways of molecular and morphological 
muscle biology is not mediated solely by M-CK and are therefore rather 
complex. Our findings underscore the crucial importance of the CK/PCr system 
for muscle cells designed for burst performance. On the other hand, the CK/PCr 
system seems to have a minor impact on the function of fibres designed for 
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endurance activity. 
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Chapter 9 
Summary and Discussion / Samenvatting en Discussie 

Summary and Discussion 
Mammalian cells and tissues with high and fluctuating energy demands 
contain chemical energy in the form of ATP and PCr (chapter 1) These t w o 
phosphate compounds can exchange high-energy phosphoryl groups via a 
chemical reaction catalyzed by creatine kinase, of which several isoforms 
exist The substrates and isoenzymes involved in the CK reaction together 
form the so-called CK/PCr system, which is thought to function in energy 
buffering and energy transport as well as in the control of appropriate 
ATP/ADP ratios Despite these presumed functions, the exact role of the 
CK/PCr system in cellular energy metabolism and its physiological importance 
have remained elusive because of the lack of critical in vivo tests 
This thesis describes the application of gene targeting and embryonic 
stem cell technology to create mice deficient in B-CK or M CK protein 
subunits Evaluation of the phenotypic consequences generated by the null 
mutations might elucidate the role(s) of the CK/PCr system in vivo At the 
time when the studies presented in this thesis were initiated, gene targeting 
technology was still in its infancy, but since then it has matured into a 
successful approach in reverse genetics to which findings described in this 
thesis have contributed (chapters 2, 4 and 5) 
To obtain homology DNA for targeted mutagenesis, the B-CK and the 
M-CK gene were first isolated from phage libraries In addition, three genomic 
loci related to the functional B-CK gene were cloned and fully characterized 
(chapter 2) All three appeared to be processed pseudogenes that evolved 
approximately 15, 12 and 6 5 million years ago In the initial gene targeting 
experiments as described in chapters 2 and 4, various standard replacement 
vectors were used but all yielded low recombination efficiencies No ES 
clones carrying an inactivated B-CK allele were obtained and several hundred 
neo-resistant recombinants had to be screened to find one clone wi th a 
disrupted M-CK allele Chimeras derived from this homologous recombinant 
failed to transmit the ES cell genome to their offspring 
To test the feasibility of a strategy designed for producing ES cell lines 
in which both alleles are mutated, we used the clone containing the neo-
disrupted M-CK allele in a second round of targeted mutagenesis (chapter 4) 
The recombinant vector used in the experiment was based on hygromycin В 
selection and designed to replace the muscle specific enhancer E1 by the 
constitutively acting polyoma enhancer PyF441 Surprisingly, the wild-type 
M-CK allele was completely refractory to homologous recombination, whilst 
the neo-inactivated M-CK allele was targeted at conspicuously high 
frequency In some of the targeted ES clones obtained, homologous 
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recombination had resulted in correction of the neo insertion as well as 
functional activation of the silent M-CK gene This experiment showed for 
the first time that it is possible to apply the technique of homologous 
recombination not only to inactivate genes but also to create gain-of-function 
mutations by modulation of DNA sequences involved in the control of 
transcription Moreover, the idea was put forward that the absence of 
recombination at the wild-type M-CK locus might be explained by the 
recombination machinery being sensitive to base pair mismatches between 
the substrates involved Such sequence variations were likely to exist 
because the M-CK allele used to prepare the targeting DNA and the ES cell 
line originated from different mouse strains (Balb/c and 129, respectively) 
Indeed, Southern blot analyses of M CK gene regions of Balb/c and 129 
genomic DNAs revealed Xbal and Pstl restriction fragment length 
polymorphisms to exist 
We then decided to scrutinize the nature and the extent of the DNA 
dishomologies (chapter 5) To this end, the M-CK gene locus was isolated 
from a mouse strain 129 library and compared to the Balb/c-denved M-CK 
gene by partial sequence determination The overall sequence divergence 
appeared to be approximately 2 % and included single nucleotide mismatches 
and a polymorphic [GTC]-repeat The impact of DNA sequence homeology on 
the efficiency of gene targeting was studied in a systematic manner using 
two replacement vectors of identical design but derived from either 129-
(isogenic) or Balb/c-denved (nonisogenic) M CK sequences Homologous 
recombination at the M-CK locus was at least 25-fold more efficient wi th the 
isogenic targeting vector than with the nonisogenic construct Furthermore, 
when equimolar amounts of both targeting vectors were co transfected into 
ES cells, homologous disruption of the endogenous M-CK gene resulted 
uniquely from the 1 29-denved targeting vector Thus, the machinery involved 
in targeted recombination shows very marked preference for substrates with 
perfect homology 
The efficiency of homologous recombination at the B-CK gene locus 
showed a similar dependence on the source of the incoming DNA (chapters 2 
and 3) No targeted clones were obtained if targeting vectors prepared from 
DNA of mouse strain CBA were used, whereas the B-CK gene m ES cells was 
disrupted at fairly high frequency with an isogenic construct The DNA 
sequence homeology between the CBA and 129 B-CK alleles included 
approximately 0 5% allelic nucleotide positions as well as length variation in 
a few simple sequence repetitive elements, which was similar to the extent 
and the nature of dishomologies observed for the M-CK alleles The above 
findings, and parallel observations by others, have had great impact on the 
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strategy for design and use of targeting vectors in general. 
The mutant ES dells obtained were injected into recipient blastocysts. 
Highly chimeric animals were born from 2 out of 11 ES cell lines carrying an 
inactivated B-CK allele, but failed to transmit the ES cell-derived genotype to 
their progeny (chapter 3). One of the thirteen injected ES clones wi th a 
disrupted M-CK allele gave rise to chimeras transmitting the mutation to their 
offspring. Heterozygous mice were interbred and homozygous M-CK mutants 
were generated (chapter 6). From this point on our studies were mainly 
focused on the phenotypic characterization of these animals. 
The targeted deletion of exon 2 of the M-CK gene (containing the 
translation initiation codon) completely ablated M-CK functions in mice, as 
was indicated by the absence of M-CK mRNA and M-CK protein subunits in 
skeletal and cardiac muscle (chapter 6). Importantly, no compensatory 
expression of other members of the CK isoenzyme family was observed 
Mice deficient in M-CK are viable and fertile and exhibit no overt 
abnormalities. Mutant mice develop a normal maximal muscle force, but lack 
the ability to perform burst activity. Fast-twitch fibres selectively compensate 
for the null mutation by enlarging their intermyofibrillar mitochondrial volume. 
This change in fibrillar infrastructure results in a marked decrease of the 
average distance from mitochondria to myofibrils. This appears to be an 
adaptation towards energy transport via ATP and ADP molecules and 
suggests that the CK/PCr system normally allows energy transport over 
relatively large distances in the cell. Also the glycogen contents of fast fibres 
is increased, which is accompanied by an enhanced glycolytic activity during 
periods of muscle contraction. PCr and ATP levels are normal in M-CK 
deficient muscles at rest, but the rates of energy exchange between PCr and 
ATP, as measured by 31P NMR, are highly reduced (at least about 20-fold). 
Thus, MM-CK is the most important catalyst in the rapid phosphate 
exchanges which are detectable by means of NMR. Unexpectedly, PCr levels 
were found to decline normally during muscle exercise, suggesting that M-
CK-mediated conversion is not the only way for the utilization of PCr in 
contracting muscles. It is conceivable that PCr stored in the cytoplasm enters 
the mitochondria where Mi-CK might act as catalyst of PCr hydrolysis. 
Alternatively, it is also possible that an (as yet unknown) enzyme wi th kinase 
activity might catalyze the energy transfer from PCr to ATP Anyway, the 
null mutants demonstrate the essential physiological role of the CK/PCr 
system in burst performance of skeletal muscles. They also show the high 
plasticity of cellular architecture and energy metabolism of muscle tissue. 
When knock-out strategies are applied to study gene functions, it is 
often difficult to unravel the actual primary effects of the gene inactivation as 
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they may be obscured by possible secondary effects Therefore, to obtain 
more detailed insight in the role of M CK and the CK/PCr system we used a 
set of mouse mutants in which M-CK expression is not fully abolished but 
reduced in level (chapter 7) These mice carry a targeted insertion of a 
hygroB-poly(A) resistance cassette in the second M-CK intron This mutant 
allele, designated M-CK', resulted from an unpredicted homologous 
recombination event mediated by the targeting vector designed to create the 
M-CK null allele Mice homozygous for the M-CK' allele contain markedly 
reduced levels of M-CK mRNA, probably because the majority of primary 
transcripts initiating at the M-CK promoter are polyadenylated at the poly(A) 
site integrated into the second M-CK intron As a consequence, skeletal 
muscle MM-CK activity is 3-fold lower than in wild-type mice Composite 
heterozygotes carrying the 'leaky' and the null allele display a 6-fold 
reduction The phenotypic alterations in these mutants wi th a graded 
reduction in MM-CK activity were analysed Unlike null mutants, their fast 
fibres have no increased glycogen contents or glycogen consumption The 
mtermyofibrillar mitochondrial volume of fast fibres is also normal, which 
suggests that energy transport via the CK/PCr system may function at low 
levels of MM-CK activity Nevertheless, the ability of muscles to perform 
burst activity is subnormal and closely correlated wi th the level of M-CK 
expression, indicating that MM-CK is important for maximal muscle activity 
Moreover, the exchange of high-energy phosphates between ATP and PCr at 
rest is still below the level detectable by NMR This means that the NMR 
visible flux of energy through the CK reaction in muscles with less than 
approximately one third of normal MM-CK activity is at least 20-fold reduced 
Strikingly, the flux is almost normal again in mice with only a 2-fold reduction 
in MM-CK activity (heterozygotes carrying the wild-type and the null allele) 
How can one interpret these NMR data7 It may be that only the soluble 
fraction of MM-CK homodimers in muscle cells is involved in the phosphate 
exchanges between ATP and PCr detectable by means of NMR MM-CK 
homodimers show preferential binding to high affinity sites at the myofibrillar 
M-bands It is conceivable that saturation of such sites will not be achieved 
at levels of M-CK expression below one third of normal and therefore the 
cytosohc concentration will be too low to generate a CK flux which is visible 
by NMR techniques At M-CK levels half of normal, the number of free 
dimers in the cytoplasm may be sufficiently high to restore the NMR visible 
flux 
Skeletal muscles of mice deficient in M-CK lack burst activity, but have 
apparently retained the capacity to utilize PCr as an energy source during 
periods of muscle activity To evaluate the potential functions of PCr in the 
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absence of MM-CK more precisely, null mutants were fed a diet containing 
the creatine analogue /?-guanidinopropionic acid (/?GPA) (chapter 8) As a 
result of /?GPA uptake, PCr and Cr levels were depleted to approximately 
3 0 % and 4 0 % of normal, respectively Strikingly, unlike wildtypes, null 
mutants could not accumulate /?GPA in its phosphorylated form, implying 
that MM-CK is normally the only CK isoform in skeletal muscle capable of 
phosphorylating /?GPA PCr and Cr depletion induced important alterations in 
muscle morphology, function and metabolism The diameter of type 2B fibres 
decreased dramatically and was almost similar to that of type 1 and type 2A 
fibres It is therefore conceivable that PCr or Cr, or both, might function in 
the regulation of type 2B fibre size The maximal force developed by /?GPA-
treated muscles of M-CK-deficient mice was reduced by 3 0 % , but showed 
increased fatigue resistance which is in keeping wi th the observed increase in 
their mitochondrial enzyme activities Altogether, the above alterations in 
skeletal muscle make it clear that certain functions of CK/PCr system cannot 
be nullified by the elimination of M-CK only 
The observations described in this thesis concerning the role of the 
CK/PCr system in skeletal muscle have raised at least as many new questions 
as they have solved. Obviously, our initial characterizations should be 
complemented by many more interdisciplinary studies. In addition, mice 
deficient in M-CK can also be used to study the phenotypic consequences in 
cells and tissues expressing the M-CK gene other than skeletal muscle, such 
as heart, smooth muscle and certain cells in kidney and brain Finally, future 
clues on the physiological role of the CK/PCr system in skeletal muscle 
energy metabolism may be provided by the generation of mice deficient in 
sarcomeric Mi-CK Interbreeding of these mice wi th M-CK null mutants is 
expected to create a situation in which skeletal muscle will be devoid of PCr 
and therefore completely dependent on chemical energy in the form of ATP 
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Samenvatting en Discussie 
Organismen hebben voortdurend energie nodig voor de synthese van 
biomoleculen, actief transport van moleculen en ionen, en het ontwikkelen 
van kracht en beweging. Deze energie wordt geleverd door ATP, de 
universele energiedonor in alle levende cellen. Van zoogdieren is bekend dat 
cellen en weefsels met een hoge en fluctuerende energiebehoefte extra 
energie bezitten ¡n de vorm van PCr. ATP en PCr kunnen hun energierijke 
fosfaten onderling uitwisselen via een chemische reactie die gekatalyseerd 
wordt door creatine kinase, waarvan verschillende isovormen bestaan. De 
substraten en isoenzymen die betrokken zijn bij de CK reactie vormen samen 
het zogenaamde CK/PCr systeem waarvan verondersteld wordt dat het een 
belangrijke rol speelt bij het bufferen en transporteren van energie alsmede bij 
het handhaven van een optimale ATP/ADP verhouding in de cel. Niettemin is 
de exacte rol en de fysiologische betekenis van het CK/PCr systeem 
vooralsnog onduidelijk, voornamelijk vanwege het gebrek aan goede in vivo 
testsystemen. 
Dit proefschrift beschrijft de toepassing van gen 'targeting' in 
combinatie met embryonale stamcel technologie om muizen te genereren met 
een deficiëntie in B-CK of M-CK. Evaluatie van de fenotypische gevolgen van 
dergelijke nulmutaties kan ons meer inzicht geven in de functie(s) van het 
CK/PCr systeem in vivo. Op het moment dat we hiermee begonnen stond de 
toepassing van gen 'targeting' nog in de kinderschoenen, maar sindsdien 
heeft het zich geleidelijk ontwikkeld tot een efficiënte methode. Resultaten 
beschreven in dit proefschrift hebben hieraan bijgedragen (hoofdstukken 2 
t /m 5). 
Allereerst werden de cytosolische CK genen geïsoleerd uit enkele 
faagbanken (hoofdstuk 2). Daarbij werden ook drie genomische regio's 
opgepikt die veel homologie vertoonden met het functionele B-CK gen. Het 
bleken intronloze pseudogenen te zijn die ongeveer 15, 1 2 en 6.5 miljoen jaar 
geleden zijn ontstaan. Initiële experimenten met niet-isogene mutagenese 
vectoren gaven een uitermate lage frequentie van homologe recombinatie 
met zowel het B-CK als het M-CK gen; geen ES cellijnen met een 
geïnactiveerd B-CK allei werden geïdentificeerd en onder vele honderden neo-
resistente ES klonen werd slechts 1 cellijn met een disruptie in het M-CK gen 
aangetroffen (hoofdstuk 4). Chimere muizen van deze homologe recombinant 
gaven echter het mutante gen niet door aan hun nakomelingen. 
Om een proefopzet te testen voor het maken van ES cellijnen met twee 
gemuteerde allelen, werd de kloon met het geïnactiveerde M-CK gen gebruikt 
in een tweede ronde van gen 'targeting' (hoofdstuk 4). De tweede 
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recombinatievector bevatte het hygromycine fosfotransferase В gen als 
dominante selectiemarker en was zo ontworpen dat de spierspecifieke M-CK-
enhancer (E1) vervangen zou worden door de constitutieve Polyomavirus 
enhancer (PyF441). Verrassenderwijs trad geen homologe recombinatie op 
met het functionele M-CK allei, daarentegen werd het neo-geinactiveerde M-
CK allei met hoge frequentie gemuteerd. In sommige dubbelmutanten werd 
niet alleen E1 vervangen door PyF441 maar ook de neo-msertie gecorrigeerd. 
Dit resulteerde in activatie van het M-CK gen Met dit experiment heten we 
als eerste zien dat de expressie van een endogeen gen kan worden veranderd 
door op gerichte wijze zijn regulatoire DNA volgordes te moduleren. 
Bovendien kwam de idee naar voren dat het uitblijven van homologe 
recombinatie met het wildtype M-CK allei wel eens zou kunnen worden 
veroorzaakt door kleine verschillen tussen de DNA volgordes van de 
betrokken substraten. Het bestaan van zulke volgordevariabihteit was 
aannemelijk omdat het M-CK allei dat werd gebruikt voor het construeren van 
de 'targeting' vectoren afkomstig was van muizestam Ba/b/c, terwij l de ES 
cellen van 129 origine waren Southern blot analyses van de endogene M-CK 
regio's van beide muizestammen brachten inderdaad enkele restrictiefrag-
mentlengtepolymorfismen aan het licht. 
We besloten om de aard en de mate van DNA dishomologie nader te 
onderzoeken (hoofdstuk 5) Hiertoe werd het M-CK gen van muizestam 129 
gekloneerd. De basevolgorde van dit gen werd ten dele geanalyseerd en 
vergeleken met die van het Balb/c M-CK gen. De homeologie tussen beide 
allelen bleek ongeveer 2% te zijn en omvatte puntmutaties en een [GTC]n 
polymorfisme De impact van dergelijke basevolgordehomeologieen op de 
efficiëntie van homologe recombinatie werd systematisch onderzocht met 
behulp van twee identieke 'targeting' vectoren, de één geconstrueerd van 
129 (isogeen) DNA en de ander van Balb/c (niet-isogeen) DNA Homologe 
recombinatie was minimaal 25 keer efficiënter met de isogene vector dan 
met de niet-isogene BIJ cotransfectie van beide vectoren kwam homologe 
disruptie van endogeen M-CK altijd tot stand via het 129 construct. De 
machinerie die betrokken is bij homologe recombinatie blijkt dus een zeer 
sterke voorkeur te hebben voor substraten met perfecte DNA homologie. 
Bij de inactivermg van het В-СК gen met isogeen en niet-isogeen 
'targeting' DNA werden vergelijkbare resultaten verkregen (hoofdstukken 2 
en 3). We vonden geen homologe recombinanten met vectoren die gemaakt 
waren van het B-CK gen van muizestam CBA, terwijl homologe disruptie met 
vrij hoge frequentie optrad bij gebruik van een isogeen DNA construct. De 
DNA volgordedivergentie tussen de CBA en 129 B-CK allelen bestond voor 
ongeveer 0 . 5 % uit puntmutaties Tevens werd lengtevariatie in twee 
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repetitieve DNA elementen waargenomen Op basis van onze bovenstaande 
bevindingen alsmede die van twee andere onderzoeksgroepen, is het regel 
geworden om 'targeting' vectoren te construeren van isogeen DNA. 
De mutante ES cellijnen werden geïnjecteerd in C57BL/6 blastocysten. 
Hoog-chimere muizen werden geboren uit 2 van de 11 ES cellijnen met een 
inactief B-CK allei maar geen enkele muis produceerde nakomelingen met het 
genotype van de ES cellen (hoofdstuk 3). Eén van dertien geïnjecteerde ES 
cellijnen met een inactief M-CK allei leidde tot chimeren die de mutatie 
doorgaven aan hun nageslacht. Heterozygoten werden onderling gekruist en 
muizen zonder een functioneel M-CK allei werden gefokt. Vanaf dat moment 
werd de aandacht geconcentreerd op het fenotyperen van deze muizen. 
De deletie van het translatiestartcodon resulteerde inderdaad in een 
volledig functieverlies van M-CK, zoals bleek uit de afwezigheid van M-CK 
mRNA en M-CK eiwitsubunits in zowel skelet- als hartspierweefsel 
(hoofdstuk 6). Hierbij trad geen compensatoire expressie van andere leden 
van de CK isoenzymfamilie op. M-CK deficiente muizen zijn levensvatbaar en 
fertiel en hebben ogenschijnlijk geen afwijkingen. Nulmutanten hebben een 
normale maximale spierkracht, echter zij kunnen deze kracht niet handhaven 
gedurende opeenvolgende spiercontracties en hebben dus geen explosief 
vermogen meer Als gevolg van de M-CK deficiëntie ondergaan type 2 
spiervezels een enorme vergroting van hun intermyofibrillair mitochondneel 
volume Het lijkt erop alsof dit een aanpassing is ten gunste van 
energietransport via ATP en ADP, wat suggereert dat het CK/PCr systeem 
normaliter een cruciale rol vervult bij transport van energie over relatief grote 
afstanden in de cel Daarnaast hebben de type 2 vezels een verhoogd 
glycogeengehalte, hetgeen gepaard gaat met een toename van 
glycogeenverbruik gedurende spierarbeid. De PCr en ATP gehaltes in de 
skeletspieren van nulmutanten zijn normaal, echter de snelheid van 
energieoverdracht tussen PCr en ATP is zeer sterk gereduceerd ( > 20-
voudig). De uitwisseling van energierijke fosfaten, zoals die waarneembaar is 
via NMR technieken, wordt dus in zeer belangrijke mate gekatalyseerd door 
MM-CK. Tot onze verbazing bleek het PCr gehalte in mutante spieren op 
normale wijze af te nemen tijdens spierarbeid, wat duidt op een alternatieve 
route van PCr consumptie tijdens periodes van spieractiviteit. Het is denkbaar 
dat PCr vanuit zijn cytoplasmatische reservoir wordt opgenomen door de 
mitochondnen alwaar Mi-CK zou kunnen functioneren als katalysator van de 
PCr hydrolyse. Het is evenwel ook mogelijk dat in afwezigheid van M-CK de 
energieoverdracht van PCr naar ATP wordt gekatalyseerd door een 
vooralsnog onbekend enzym met kinase activiteit Hoe dan ook, muizen 
zonder M-CK laten zien dat het CK/PCr systeem een essentiële rol vervult bij 
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het genereren van explosieve spierkracht Eveneens tonen ze de grote mate 
van flexibiliteit binnen de architectuur en het energiemetabohsme van 
skeletspiercellen 
Een vrij algemeen probleem bij de bestudering van genfuncties middels 
het creëren van nulmutanten is de moeilijkheid om binnen het hele scala van 
fenotypische veranderingen onderscheid te maken tussen de primaire en 
(mogelijk) secundaire effecten Om een preciezer inzicht te krijgen in de 
eigenlijke functies van M-CK is gebruik gemaakt van een aantal verschillende 
mutanten met een gedeeltelijke, in plaats van een volledige, reductie van de 
M-CK expressie (hoofdstuk 7) Deze muizen hebben een insertie van een 
hygroB-poly(A) cassette in intron 2 van het M-CK gen Dit mutante allei, 
waaraan de naam M-CK' is gegeven, ontstond door een onverwachte 
homologe recombinatie gebeurtenis tussen een endogeen M-CK allei en een 
'targeting' plasmide wat eigenlijk een nulmutatie had moeten creëren Muizen 
die homozygoot zijn voor het M-CK' allei hebben een aanzienlijke reductie van 
het M-CK mRNA niveau, waarschijnlijk doordat de meerderheid van de 
primaire transcripten (die starten vanuit de M-CK promoter) polyadenyleert bij 
het nieuwe poly(A) signaal in M-CK intron 2 Uiteindelijk resulteert dit in een 
drievoudige verlaging van de MM-CK activiteit in de skeletspieren van deze 
muizen M-CK" heterozygoten hebben een zesvoudige verlaging van de 
normale MM-CK activiteit. De fenotypische gevolgen van de graduele 
verlaging van de MM-CK activiteit werden bestudeerd In tegenstelling tot 
M-CK deficiente muizen hebben de type 2 vezels van beide partiele mutanten 
geen verhoogd glycogeengehalte of glycogeenverbruik Ook is het 
intermyofibrillaire volume van de type 2 vezels normaal, hetgeen impliceert 
dat het energietransport via het CK/PCr systeem goed functioneert bij relatief 
lage MM-CK gehaltes Het vermogen om explosieve spierkracht te genereren 
ligt bij beide partiele mutanten beneden dat van wildtype muizen, wat 
aangeeft dat MM-CK belangrijk is voor maximale spieractiviteit Opmerkelijk 
is de vinding dat de NMR-meetbare flux van energie tussen PCr en ATP nog 
steeds meer dan 20-voudig verlaagd is in spieren met minder dan eenderde 
van de normale MM-CK activiteit Daarentegen is de CK-flux praktisch 
volledig normaal in spieren van muizen met slechts een tweevoudige 
verlaging van het MM-CK gehalte. Hoe zijn deze resultaten te verklaren? Het 
is mogelijk dat alleen de opgeloste (cytoplasmatische) MM-CK fractie 
betrokken is bij de NMR waarneembare uitwisseling van energie tussen ATP 
en PCr. Daarnaast is bekend dat MM-CK dimeren preferentieel associëren met 
myofibrillaire M banden Het zou zo kunnen zijn dat deze primaire 
bindingsplaatsen nog steeds niet verzadigd zijn bij een drievoudige verlaging 
van de MM-CK concentratie in de cel waardoor er geen opgeloste MM-CK 
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fractie is en derhalve ook geen NMR detecteerbare flux BIJ de helft van de 
normale M-CK expressie zou het aantal vrije dimeren in het cytoplasma hoog 
genoeg zijn voor een NMR waarneembare CK flux 
Skeletspieren van M-CK deficiente muizen ontwikkelen dan wel geen 
explosieve kracht meer, ZIJ bezitten echter nog steeds het vermogen om PCr 
te hydrolyseren gedurende periodes van spiercontractie Om eventuele 
restfuncties van PCr in spieren zonder M-CK nader te onderzoeken, werden 
nulmutanten op een dieet gezet met de creatine analoog ß-
guanidinopropionzuur (/?-GPA) (hoofdstuk 8) Als gevolg van het dieet namen 
PCr en Cr gehaltes in skeletspierweefsel af tot respectievelijk 30 en 4 0 % van 
het normale niveau Een opmerkelijk verschil met wildtype muizen op 
hetzelfde dieet is dat nulmutanten de creatine analoog niet accumuleren in 
zijn gefosforyleerde vorm Dit impliceert dat MM-CK normaliter de enige CK-
isovorm in skeletspierweefsel is die de fosforylenngsreactie van /JGPA kan 
katalyseren Als gevolg van het dieet traden belangrijke veranderingen op in 
de morfologie, de functie en het metabolisme van het spierweefsel van 
nulmutanten De gemiddelde diameter van type 2B vezels bleek sterk 
gereduceerd te zijn en was bijna hetzelfde als die van type 1 en 2A vezels 
Het is daarom denkbaar dat PCr of Cr (of beiden) direct betrokken is bij de 
regulatie van de grootte van type 2B vezels De maximale kracht die spieren 
van M-CK deficiente muizen op een /?GPA dieet kunnen ontwikkelen ligt 
ongeveer 3 0 % lager dan die zonder dieet Daarentegen is het 
uithoudingsvermogen van /?GPA-behandelde spieren toegenomen, hetgeen in 
overeenstemming is met de verhoging van hun mitochondnele enzym-
activiteiten Samenvattend kan gesteld worden dat de dieetexpenmenten 
laten zien dat bepaalde functies van het CK/PCr systeem niet te nullificeren 
zijn door enkel de eliminatie van M-CK 
De waarnemingen met betrekking tot de rol van het CK/PCr systeem in 
skeletspieren zoals die zijn beschreven in dit proefschrift hebben zeker zo 
veel vragen gecreëerd als opgelost Het is duidelijk dat onze primaire 
fenotypenngen moeten worden aangevuld met vervolgonderzoek De 
nulmutanten z.jn verder bruikbaar voor onderzoek naar eventuele 
fenotypische consequenties in andere cellen en weefsels met M-CK 
expressie, zoals hart, glad spierweefsel en bepaalde cellen van de nier en de 
hersenen Verdergaand inzicht omtrent de rol van het CK/PCr in skeletspieren 
zal in de zeer nabije toekomst zeker verkregen kunnen worden via muizen 
met een deficiëntie in de sarcomere vorm van het Mi-CK. Kruisingen tussen 
deze en M-CK deficiente muizen zullen naar verwachting een situatie creëren 
waarin spieren geen PCr meer bezitten en zodoende geheel afhankelijk zullen 
zijn van chemische energie in de vorm van ATP 
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Abbreviations 
ADP adenosine diphosphate 
AMP adenosine monophosphate 
APRT adenine phosphonbosyltransferase 
ATP adenosine triphosphate 
B-CK brain creatine kinase 
/?GPA ß-guanidinopropionic acid 
BRL buffalo rat liver 
CFTR cystic fibrosis transmembrane conductance regulator 
CS citrate synthase 
CK creatine kinase 
COX cytochrome с oxidase 
Cr creatine 
ES embryonic stem 
FCS fetal calf serum 
FIAU 1-[2 deoxy, fluoro-/?-D-arabinofuranosyl]-5 lodouracil 
FID free induction decay 
GPS gastrocnemius plantaris soleus 
HPRT hypoxanthine phosphonbosyltransferase 
HSV-tk herpes simplex virus thymidine kinase 
Hygro(B) hygromycin В phosphotransferase 
ICM inner cell mass 
LIF leukemia inhibitory factor 
M-CK muscle creatine kinase 
Mi-CK mitochondrial creatine kinase 
Neo neomycin phosphotransferase 
NMR nuclear magnetic resonance 
31P 31-phosphorus 
PAS periodic acid Schiff 
PCR polymerase chain reaction 
PCr phosphocreatine 
P, inorganic phosphate 
PNS positive and negative selection 
RAG recombination activating gene 
SDH succinate dehydrogenase 
TCK tail-specific creatine kinase 
TGF transforming growth factor 
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